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Preface 


T he present work originated as an English edition of a 
volume * written for the Italian Consiglio Nazionale 
delle Ricerche as a part of a general treatise on physics. 
However, to incorporate recent findings that have resulted 
from the exceedingly rapid development of nuclear physics 
during the period of about one year and a half since the 
Italian text was written, essential modifications have been 
introduced in the present edition. 

The aim of Elements of Nuclear Physics is to give, in 
concise form, a survey of the present status of investigation 
of nuclear phenomena from the experimental as well as the 
theoretical point of view. Within the scope of this text 
could not be included an extensive theoretical analysis of 
all the problems considered in nuclear physics. Usually, 
results only have been stated, and these have been given 
in a form which can be readily comprehended by the 
non-mathematieal reader. Exceptions have been made 
in several instances; for example, the internal conversion 
of Y-rays, a-decay, the proton-neutron exchange forces, 
and the general problem of collisions. In dealing more 
extensively , with these topics, the author has followed 
closely the treatment given by Professor E. Fermi in his 
lectures at .the University of Miqhigan during the summer 
of 1933. 

Since it is not only humanly impossible but also fairly 
impracticable to give a complete bibliography on the sub- 
ject of nuclear physics, the criterion employed for selection 
was an attempt to refer only to the most recent and ex- 
haustive papers on each particular problem. References 
to experiments conducted earlier than 1930 have generally 
been omitted, since these sources are always available in 


* F. Rasetti, II Nucleo Atomico, Zanichelli, Bologna (1936). 
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the classical works on radioactivity, a list of which is in- 
cluded in the Bibliography at the end of this volume. 

The author wishes to express his indebtedness to Professor 
E. U. Condon, Editor of the Prentice-Hall Physics 
Series, for his assistance; to the Consiglio Nazionale delle 
Ricerche for authorizing the translation of portions of the 
Italian edition; and to Prentice-Hall, Inc., for their sym- 
pathetic co-operation. 

Thanks are due also to Professors C. D. Anderson, K. T. 
Bainbridge, P. M. S. Blackett, A. J. Dempster, J. R. Dun- 
ning, C. D. Ellis, Lise Meitner, J. L. Rose, and S. Rosen- 
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General Introduction 

1. The atom and the nucleus. One of the fundamental 
achievements in the development of chemistry and physics 
during the eighteenth and nineteenth centuries was the 
proof that all matter consists of a number of elements which 
conserve their identity through all the possible chemical 
and physical transformations that they may undergo. 
Each element was characterized by its atomic weight, which 
determines in what proportions it combines with other ele- 
ments to form chemical compounds. Mendeleew showed 
that the elements, considered in the order of increasing 
atomic weight, manifested characteristically periodical 
physical and chemical properties, which could be most 
clearly represented by arranging the elements themselves in 
a 'periodic table. 

During the end of the nineteenth and the beginning of the 
twentieth century, much knowledge was gained from the 
investigation of the electrical properties of matter. The 
study of the discharge through rarified gases and the conse- 
quent discoveries of the cathode rays, the positive rays, and 
the X-rays showed that matter was intimately connected 
with positive and negative electric charges. While the 
atomic hypothesis emerged from the stage of speculation 
to one of surprising reahty through the investigation of 
Brownian motion, radioactivity, and many other phenom- 
ena, it appeared at the same time that the atom did not con- 
stitute the ultimate and indivisible unit of matter, but was 
built up of positively and negatively charged particles 
which, under certain conditions, could be separated. 

In regard to separation, negative and positive electricity 
showed essentially different behavior. Negative electricity 
appeared to be associated with corpuscles of very small mass 
— thousands of times smaller than the atomic masses — and 
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2 General Introduction 

always identical in mass and charge, no matter from what 
element they had been separated. This particle was called 
the electron. Positive electricity, on the other hand, ap- 
peared always to be associated with particles of atomic 
mass and characteristic of the element from which they 
had been extracted. 

All of these problems received a complete explanation 
through Rutherford’s formulation of his nuclear model for 
the atom, and the subsequent work of the first quarter of 
the twentieth century. We know now that the atom con- 
sists of a central heavy particle, or nucleus, in which most 
of the mass and the total positive electric charge are con- 
centrated. Around the nucleus move a certain number of 
electrons whose total negative electric charge exactly com- 
pensates Ahe charge of the nucleus, giving rise to a neutral 
atom. The charge of the nucleus, which is thus an integral 
multiple Z of the electronic charge and determines the 
number of electrons, is the essential factor that distinguishes 
one element from another, and increases by one unit in 
proceeding from one element to the next in the periodic 
table — going from one (hydrogen) to ninety-two (uranium). 
Z is called the atomic number. 

To explain the behavior of the electrons in the atom, the 
new concepts of the quantum theory had to be substituted 
for the principles of classical mechanics and electrodynam- 
ics. The application of the quantum theory to the atom 
began with Bohr’s theory of the hydrogen atom (1913) and 
reached a highly perfected form in the new quantum me- 
chanics, developed through the fundamental work of Bohr, 
Heisenberg, Pauli, De Broglie, Schroedinger, Dirac, and 
many others (1913-1927). 

The experimental basis for this development was the ob- 
servation that an atom can exist only in certain generally 
discrete states of motion, called the quantum states or sta- 
tionary states, having characteristic energies or energy levels 
Ei) and that it can pass from one state to another by the 
emission or absorption of monochromatic radiation in the 
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form of a light quantum, or photon, whose energy is equal to 
Ei — Eit and is connected with the frequency r,* through 
Bohr’s relation: 


Ei — Ek = hvik 

Here h represents Planck’s constant. 

Within the limits of this text we cannot review, even 
briefly, the wide field of application and the results of the 
quantum theory of the atom. It will suflfiee to recall that 
by means of this theory we now have a consistent mathe- 
matical scheme which accounts for all spectroscopic phe- 
nomena in the optical and X-ray regions, and, at least in 
principle and apart from mathematical difiiculties, for the 
behavior of the elements in forming molecules and crystals. 
In particular, the structure of the periodic systefn of the 
elements results naturally from a consideration of the pos- 
sible quantum states of the electrons in the atom and from 
Pauli’s exclusion principle, which prevents more electrons 
from occupying a single quantum. state. Even the intrinsic 
angular momentum, or spin, of the electron, which Uhlen- 
beck and Goudsmit introduced in order to obtain the correct 
number of quantum states for the electrons in the atom, 
was shown by Dirac to be a necessary consequence of a 
correct relativistic wave equation. 

Through all of this development of atomic physics the 
■ nucleus played a rather unimportant role, as its internal 
structure remained unaffected in all ordinary physical and 
chemical processes, and it was sufficient to consider the 
nucleus as a point particle with a certain electric charge and 
a certain mass. The fact has been recognized, however, 
that changes in the internal structure of the nucleus actually 
take place in a particular class of phenomena — that is, in 
radioactivity; but these phenomena remained little accessible 
to experimental investigation and almost closed to theoret- 
ical analysis until very recent years. Hence they did not 
interfere with the main line of development of the quantum 
theory of the atom. However, since these phenomena con- 
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stitute the subject matter of this book, we must now turn 
our attention to the main facts of radioactivity. 

2. Radioactivity. Radioactive phenomena were discov- 
ered when Becquerel (1896) observed that uranium salts 
emitted radiations of a new kind, which were capable of 
going through layers of matter completely opaque to light 
and which could be detected by their properties of ionizing 
gases and of blackening photographic plates. An extremely 
important advance in this field was due to the celebrated 
investigations of P. and M. Curie, who proved that most 
of the activity of uranium belonged to other elements pres- 
ent in exceedingly small amounts. These elements, when 
isolated in a pure state, showed the phenomenon of radio- 
activity with enormously higher intensity. The best- 
known of such elements was radium (Curie, 1898). 

Further investigation of these rays led to their classifica- 
tion into three clearly defined groups, called a, |3, and 7 . 
Their characteristics are described in the following para- 
graphs. 

(X-rays. Strongly ionizing and weakly penetrating radia- 
tions (completely absorbed by a sheet of paper), deflected 
by a magnetic and electric field as positively charged par- 
ticles. Further analysis has proved the particles to be 
doubly charged helium atoms (ions) . 

P-rays. More penetrating than the a-rays (capable of 
going through a few millimeters of aluminum), less strongly 
ionizing, deflected by electric and magnetic fields as nega- 
tively charged particles. These particles consist of high 
speed electrons, similar to those produced in the cathode 
rays. 

y-rays. Highly penetrating and weakly ionizing radia- 
tions, undeflected by electric or magnetic fields . These rays 
represent a high frequency electromagnetic radiation— that 
is, they have the same nature as the X-rays. 

The complete failure of attempts to influence radioactiv- 
ity by any physical or chemical agents has indicated that 
it does not originate in the regions of the atom which are 



General Introduction 


5 


affected by ordinary physical and chemical phenomena. 
When Rutherford, through experiments on the scattering of 
a-particles (1911), discovered the nuclear structure of 
matter, it became natural to consider the radioactive phe- 
nomenon as a process taking place in the nucleus itself. 

Before this time the relation between the radiation 
emitted and the change effected in the nature of the emitting 
atom had been partly explained through the fundamental 
work of Rutherford and Soddy (1908). Now we can ex- 
press these results in a simple form by means of the following 
displacement law: By the emission from the nucleus of an 
a-particle (charge 2, mass 4), the atomic number of the 
element is decreased by two units, and the atomic weight 
by four; by the emission of a /3-particle (charge — 1, very 
small mass), the atomic number is increased by one unit 
and the atomic weight is practically unchanged. Thus 
radioactivity, unhke any other natural phenomenon, results 
in a permanent change of one element into another. 

Generally a number of transformations (radioactive series) 
take place one after another, until a stable product is 
eventually reached. Sometimes, by a succession of one 
a-transformation and two |3-transformations, the element is 
brought back to its original place in the periodic system; 
however, its atomic weight is then smaller by four units. 
These two elements, occupying the same place in the 
periodic system but being different in mass and in radio- 
active properties, are called isotopes. Most of the ordinary 
inactive elements have been shown to consist of a mixture 
of isotopes. 

If we now consider the time dependence of the process of 
radioactive disintegration, we find, again, peculiar char- 
acteristics that accentuate the differences in the nature of 
radioactive and other physical phenomena. The facts can 
be summarized by the following simple law : The number of 
atoms of a radioactive substance which disintegrate in the 
very short time dt is proportional to the number N of the 
existing atoms, and is independent of any physical and 
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chemical condition and of the age of the substance. This 
number can be represented by XiV, where X is a characteristic 

constant of the substance 

then call Nit) the number of atoms present at the time t, we 
can write the differential equation: 

dN = - }^Ndt 


Integrating, we obtain: 

N = JVoe"’'* 

Thus the amount of the radioactive substance decreases ex- 
ponentially with time. The reciprocal of the disintegration 
constant, r = 1/X, is easily seen to be the mean hfe of the 
atoms of the species considered. This may vary between 
years (thorium) and 10 ^ seconds (Th C ). 

Of course, the law of exponential decay holds only statis- 
tically for a very large number of disintegrating atoms. 
On the other hand, it can still be interpreted as a probability 
law. When the single elementary processes are observed, 
we find that the individual disintegrations happen at 
random— that is, they are independent of one another. 

The study of radioactivity can be undertaken from two 
different points of view. From the one, we can investigate 
the properties of the a-, p-, and y-radiations and, in par- 
ticular, the phenomena which arise from their interaction 
with matter. From the other, in order to obtain informa- 
tion concerning the nuclear structure, we can try to analyze 
tlie relationship between these radiations and the nuclei that 
emit them, as we are naturally led to do by the analogy 
with optical and X-ray spectra, which have proved to be the 
most powerful means of investigating the outer structure 

of the atom. . 

The interaction of the three types of radiations with 

matter led to the discovery of new and important phenom- 
ena. The scattering of a-particles showed that the mass 
and the positive electric charge of the atom were concen- 
trated in a volume of much smaller dimensions than those 
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of the atom itself, and thus led Rutherford to formulate his 
nuclear model of the atom, which constitutes the foundation 
of modern physics. The interaction of y-rays with matter 
has shown us many interesting phenomena. The most 
remarkable of these is the materialization of a y-quantum or 
photon into a pair of particles, one of which is an ordinary 
electron, whereas the other is a new kind of particle with 
mass equal to the electron mass but possessing a positive 
charge, or positron. A positron-electron pair can again be 
annihilated; its energy reappears in the form of radiation. 

A series of extremely important phenomena arise from 
the interaction of fast particles (a-particles, hydrogen 
nuclei, and so forth) with atomic nuclei. Sometimes the 
impact is not elastic ; instead, the impinging particle pene- 
trates into the nuclear structure and gives rise to a perma- 
nent change in the nature of the atom struck. We have 
thus an artificial disintegration, the first example of which 
was obtained by Rutherford (1919) in bombarding nitrogen 
with a-particles. 

In recent years almost all of the existing elements have 
been disintegrated; thus nuclear physics has completely lost 
its original character of being, like astronomy, more a 
science of observation than of experimentation, the radio- 
active disintegration pursuing its course beyond any possi- 
bility of human interference. At the present time dis- 
integration of nuclei can easily be produced by means of 
artificially accelerated positive ions, or even by irradiation 
with sufficiently hard X-rays. Moreover, in many of 
these transformations we obtain new isotopes of the known 
elements, which are not stable but disintegrate, like natural 
radioelements, by emission of a particle from the nucleus. 
We can thus produce an artificial radioactivity. 

An extremely important consequence of the study of 
artificial disintegration has been the discovery of the 
neutron, a new elementary particle of mass approximately 
equal to the mass of the hydrogen atom and without any 
electric charge. This particle is now considered one of the 
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universal constituents of matter; the reason for its not 
existing in a free state is that it reacts with all known nuclei 
to give rise to different types of transformations. 

3. Constitution of nuclei. The facts which we have sum- 
marized briefly in the preceding section indicate clearly that 
the atomic nucleus is not a simple particle; rather, it is 
built up of a number of ultimate units, or elementary par- 
ticles, whose nature we shall try to determine. Before we 
do this, however, we must examine more detailed evidence 
on the properties of nuclei that can be obtained outside the 
field of radioactivity. 

The mass-s'pectrum analysis, developed from the funda- 
mental researches of J. J. Thomson and of Aston, has shown 
us that most of the stable elements consist of a mixture of 
isotopes, and has brought out the essential fact that all 
atomic weights are approximately integral multiples of a 
fundamental unit, which is equal to He of the atomic 
weight of oxygen and is therefore slightly less than the 
atomic weight of hydrogen. This conclusion strongly sug- 
gests that all nuclei are built up of elementary constituents 
of equal mass. The fact that the whole number rule has 
only approximate validity is no evidence against this as- 
sumption, because, according to the general principles of 
relativity, mass and energy must be equivalent, in con- 
formity with Einstein’s relation : 

E = me? 

Therefore, if the elementary particles are to be kept to- 
gether in a stably bound nucleus, we must expect energy to 
be released in the formation process — that is, a fraction of 
the mass lost; and thus the weight of the nucleus will be less 
than the sum of the weights of its constituent particles. 
The fact that the loss of weight, or mass defect, is measurable 
shows that the binding energy of the nucleus must be much 
larger than the energies occurring in ordinary atomic proc- 
esses. This conclusion is in complete agreement with the 
high energies released in radioactive disintegrations. 



General Introduction 


9 


Other properties of nuclei, like the angular momentum, 
or s'pin, can be deduced from the observation of optical 
spectra, and they confirm the assumption that a nucleus is 
built up of elementary particles. 

It is, therefore, the ultimate task of nuclear physics to 
find out what these elementary constituents of the nucleus 
are and to establish the laws that govern their interactions, 
in order to be able, at least in principle, to predict, from a 
consistent scheme of simple and general laws, all possible 
properties and behavior of a given system of these particles. 

We should realize at the start, however, that we are still 
very far from the accomplishment of this task. On the 
other hand, when we consider how recent the development 
of nuclear physics actually is, we are led rather to wonder 
at the enormous amount of facts which have been brought 
to our knowledge than to be surprised at the lack of a satis- 
factory theory for all nuclear phenomena. 

One question arises immediately when we try to investi- 
gate the structure of the nucleus. When the problem of 
the atom was first attacked, it did not take long to discover 
that the classical laws of physics, established upon the ob- 
servation of physical phenomena on a macroscopic scale, 
do not hold in the atomic world. These laws had to 
undergo an extremely far-reaching work of revision, until 
what formerly were the most obvious concepts, like the 
purely kinematic description of motion, were completely 
revolutionized. The ultimate result of this revision has 
been the formulation of the laws of atomic physics by means 
of the consistent and simple mathematical scheme which we 
know as quantum mechanics. 

A glance at the history of science show's us that every 
theory is only an approximation valid within well-circum- 
scribed limits, and that when we try to apply the theory 
outside the scale of phenomena for which it was developed, 
in most cases it becomes inadequate. Thus it is legitimate 
to ask ourselves : Will the quantum-mechanical description 
of phenomena, which has been developed for and applies to 
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the outer structure of the atom, be appropriate to explain 
the behavior of the elementary particles in the nucleus, 
where the linear dimensions are a hundred thousand times 
smaller and the binding energies a million times larger than 
in the atom? 

At the present time it is not possible to give a final answer 
to this question. However, as we shall see in the course of 
our treatment of nuclear structure, it appears that most 
facts of nuclear physics can be satisfactorily described under 
the general scheme of quantum mechanics. This procedure 
is possible only because, according to recent views, the 
nucleus consists only of heavy particles {neutrons and hydro- 
gen nuclei, or 'protons). If we admitted light particles in 
the nucleus (electrons and positrons), no quantum-mechan- 
ical description would be possible. 

A nucleus consisting of neutrons and protons will possess, 
like the atom, quantized energy levels. The existence of 
these levels is shown by a large number of experimental 
facts, the most important of these being the emission of 
sharp spectral lines (y-rays). However, both the assump- 
tion on the constitution of nuclei and the hypothesis of the 
existence of definite quantum levels appear, at first, hard to 
reconcile with the emission of electrons from the nucleus 
(i8-disintegration) and their continuous spectrum. Accord- 
ing to Pauli and Fermi, these difficulties can be eliminated 
by assuming: (a) that the electron does not exist in the 
nucleus but is created in the act of its emission, the conser- 
vation of the electric charge requiring that this process be 
associated with the transformation of a neutron into a 
proton; (b) that the extra energy is taken away by the 
hypothetical neutrino, a particle which, because of its negli- 
gible mass and zero charge, has so far escaped observation. 

It thus appears possible to construct a consistent theory 
of the nucleus as built up of neutrons and protons. How- 
ever, since we have to admit the possibility of their inter- 
transformation, we must say that these two represent, 
rather, two different quantum states of a single elementary 
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particle. As Heisenberg and Majorana have shown, the 
peculiar type of neutron-proton force arising from this ex- 
change phenomenon accounts qualitatively for the observed 
properties of nuclear matter. Of these, the most character- 
istic appears to be that the volume of the nucleus and the 
total binding energy are proportional to the number of 
constituent particles. Thus the properties of nuclear mat- 
ter, unlike those of the electron atmosphere of the atom, 
seem to imitate the behavior of macroscopic matter in the 
liquid state. . 

A still higher order of energies than that found in ordinary 
nuclear phenomena — that is, up to 10^^ electron-volts 
( ~ 10~^ ergs) — ^is encountered in the investigation of cosmic 
rays. We have indications that present theories are in- 
adequate to deal with phenomena of this order of magnitude. 
Aside from these extreme cases, the inadequacy of present 
theories is evident when we try to understand the nature of 
the elementary particles themselves — for example, in the 
problem of the apparently infinite self-energy of point par- 
ticles. However, this problem goes beyond the limits we 
have set for our description of nuclear phenomena. 

4. Characteristic constants and units in nuclear physics. 
Certain quantities play an important role in atomic and 
nuclear physics. Among those we shall use in this book 
are the following. 

Length. Since the unit of length is the centimeter, some 
of its submultiples are used for measuring distances of an 
atomic order of magnitude. Thus the wave lengths of 
X-ray or y-ray lines are usually expressed in X-units (XU). 

1 XU = 10-11 cm. 

Certain characteristic lengths play an extremely im- 
portant role in atomic and nuclear physics. In the case of 
the atom, the characteristic length is the Bohr radins: 


= 0.53 -10-5 cm. 

47r“me- 
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In nuclear physics, the important characteristic lengths are 
the Compton wave length: 

— = 24.17 XU = 2.417- 10-1“ cm. 
me 

and the classical radius of the electron: 

— = 2.807- 10-1® cm. 
mc^ 

It is interesting to observe that both the ratios of these 
three units are equal (disregarding an unimportant factor 
of the order of unity) to : 

2xe® _ 1 

he 137.37 

or the fine structure constant. This quantity is important 
in a great number of problems. 

Mass. The most important constant is the electron 
mass: 

m — 9.028- 10“®® gr. 

Atomic masses are often expressed in units of atonaic 
weight. One unit of atomic weight corresponds to : 

Ml = 1.646-10-®! gr. 

Electric charge. The fundamental constant is the charge 
of the electron; i 

e = 4.767 -10->-“ESU 

Angular momentum. Any component of the angular 
momentum of a system has a value which is an integral or 
half-integral multiple of the fundamental constant: 

^ = 1.042- 10-®^ erg- sec. 

2x 

■Energy. While the absolute unit of energy is the erg, 
different units may be preferred for this use in atomic and 

' Por a discussion of the value of the electron charge, see Birge, Nature, 137, 
187 (1936). 
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nuclear physics. In spectroscopy, the natural unit is the 
Rydberg, or ionization energy of the hydrogen atom. How- 
ever, energies are more often measured in electron-volts 
(EV), the electron-volt being related to the erg by the 
equation: 

1 EV = ergs = 1.589 • 10“‘- ergs 

oUU 

In nuclear physics, because the EV is too small a unit for 
practical purposes, energies are often expressed in kEV or 
MEV. 

1 kEV = 1,000 EV 
1 MEV = 1,000,000 EV 

However, the natural unit of energy in nuclear physics is 
the self-energy of the electron: 

md = 0.5107 MEV 


A photon of energy hv equal to the self-energy of the electron 
has a wave length equal to the Compton wave length. 
Wave lengths can be converted into electron-volts, or vice 
versa, by the relation: 


X (XU) = 


12.343 

energy (MEV) 


Because of the general correspondence of mass and energy, 
according to Einstein’s relation E — mc^, it is frequently 
necessary to convert mass units into EV, or vice versa. 
One unit of atomic weight corresponds to : 


Mid- = 931 MEV 



CHAPTER I 


Detection and Measurement of the Radiations 
from Radioactive Substances 

The methods that have been developed in order to detect 
and measure the radiations emitted by radioactive sub- 
stances may be divided into two distinct classes : (a) methods 
in which the observed effect is due to so large a number of 
particles (for example, a-particles, electrons, or photons) 
that fluctuations due to individual particles are smoothed 
out; (b) methods in which single elementary processes are 
observed. 

We shall first discuss the methods belonging to class (a). 
Most of them are based either on the ionization or on the 
photographic action produced by the radiations. 

1. Ionization chambers. On account of its sensitivity, 
which can be pushed to very high limits,, and because it is 
easily adapted to a quantitative measurement of the in- 
tensity of radiations, the ionization method is the one most 
generally employed. 

An ionization chamber consists essentially of a gas-filled 
vessel in which an electric field is established so that the 
ions of one of the two signs produced by the radiation are 
collected on an insulated electrode connected with an elec- 
trometer. The electric charge taken up by the electrode in 
a specified time is a measure of the intensity of the radiation. 

It is important to have an electric field strong enough to 
reach approximate saturation — that is, one in which most of 
the ions produced reach the electrode before they recombine. 

The dimensions of the ionization chamber, the nature and 
pressure of the gas with which it is filled, and the sensitivity 
of the electrometer must be determined by the type of 
radiation that is to be measured and by the particular aspect 
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of the research. For a-particles, which are completely ab- 
sorbed in a few centimeters of air, the chamber is usually 
filled with air at atmospheric pressure, and its linear dimen- 
sions need not be greater than the range of the particles, 
since larger size would not increase the ionization produced. 
Often it is simpler to use an electroscope as an ionization 
chamber. The a-ray source is usually placed inside the 
apparatus, because even a thin wall would at least partially 
absorb the particles. 

For /3- and y-rays, which are much more penetrating, 
larger ionization chambers may be used, and the source is 
generally placed outside the chamber. In the case of 
y-rays, in order to increase the ionization, it is convenient 
to replace air with a more intensely absorbing gas (for 
example, CH3I), or to increase the pressure (in practice, up 
to thirty or fifty atmospheres) . It must be noted, however, 
that the sensitivity does not increase in proportion to the 
density, since at high pressures there is an increasing degree 
of recombination of the ions. This can be avoided to a 
large extent by using very pure rare gases (argon) , in which 
the effect of recombination is small up to extremely high 
pressures. 

The sensitivity can be pushed to a high value either by in- 
creasing the voltage sensitivity of the electrometer or by de- 
creasing the capacity of the system. In the case of the 
a-particles, it is easy to detect the ionization due to a single 
particle (about 10® ion pairs, or 4.8-10“® ESU). In the 
case of jS- or y-rays, a limit to the measurement of very w'eak 
radiation is set by the background ionization of the instru- 
ment, or rather by its statistical fluctuations. This ioniza- 
tion is due ; (a) to a weak activity of the materials of the ap- 
paratus, occasioned by a contamination of radioactive sub- 
stances; (b) to the y-radiation from radioactive substances 
contained in the ground and in the walls of the laboratory ; 
(c) to cosmic rays. 

A metallic surface as free as possible from contamination 
of radioactive substances still emits from one to five a-par- 
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tides per hour per cm^; cosmic rays and T-rays together 
produce from two to ten ion pairs per second per cm'* of air 
at normal pressure. This illustrates the order of magnitude 
of the background ionization in a chamber; it can be some- 
what reduced by screening with a few centimeters of lead 
that absorb a large fraction of the ■y-rays. 

When an ionization chamber is designed to measure /S- or 
7 -radiation, the use of high pressures is an advantage, not 
only because the general sensitivity is increased, but also 
because the relative background ionization is decreased. 
This effect is due to the fact that part of the ionization is 
produced by a-particle contamination of the walls of the 
chamber. If, as usually happens, the linear dimensions of 
the chamber are of the order of the a-particle range or larger, 
then the ionization due to the a-particles does not increase 
with increasing pressure, as does the effect to be measured. 

For many purposes, a sensitive electroscope (for example, 
the quartz fiber type) is as good an instrument as an ioniza- 
tion chamber connected with an electrometer, and is of 
much simpler construction. The electroscope is not ad- 
visable, however, when a very high sensitivity is required. 

2. Photographic methods. Photographic methods are 
less sensitive than ionization chambers and lend themselves 
only with difficulty to intensity measurements; on the other 
hand, they have many evident advantages. 

The photographic emulsion is sensitive, in a lower or high- 
er degree, to all the radiations emitted by radioactive sub- 
stances. The a-rays, which are completely absorbed in the 
sensitive layer, produce a very dense blackening. In some 
cases it is possible, by observing a photographic plate under 
a microscope, to see the track of a single ionizing particle 
(a-particle or proton), which shows itself as a row of reduced 
silver granules.^ These tracks are similar to those produced 
in the Wilson chamber (see section 6 of this chapter), except 
that in the present case, because of the very small penetra- 

** Taylor, Proc. Roy. Soc., ISO, 382 (1935); Myssowsky and Tschishow, 
Z. Phys., 44, 408 (1937); Blau, Z. Phys., 34, 285 (1925); iind., 48, 751 (1928). 
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tion of the particles in the photographic emulsion, the total 
length of the tracks is only a few hundredths of a millimeter. 
The method has recently been applied to the study of 
certain artificial disintegrations. 

The /3-rays, also, produce a strong action on the photo- 
graphic plate, which is employed frequently in the magnetic 
spectrographs as a detector for /3-rays. On the other hand, 
the photographic action of the 7 -rays, especially those of 
high frequency, is very weak, as is evident from the fact 
that only a small fraction of the energy is absorbed in the 
sensitive layer. The effect can be considerably increased by 
the use of a reinforcing screen (for example, a calcium 
tungstate screen) which, under the action of the 7 -rays, 
fluoresces with the emission of violet or ultra-violet light. 

We shall now describe briefly the methods that permit the 
observation of the elementary processes. 

3. Scintillations. The radiations from radioactive sub- 
stances produce a visible fluorescence in many substances, 
such as barium platinocyanide, calcium tungstate, and zinc 
sulphide. In the ease of a weak source of a-rays, when a 
zinc sulphide screen is observed, in darkness, under a 
microscope, the individual effect of each particle is clearly 
visible as a flash of light, which is called a scintillation. 

A measurement of the amount of light emitted in each 
scintillation has shown that, in certain instances, up to 
25 per cent of the energy of the impinging a-particle is 
converted into luminous energy. To make the effect clearly 
visible, about three hundred light quanta must fall on the 
retina. The duration of a scintillation is of the order of 
10“^ seconds. The best experimental conditions are ob- 
tained by using a high luminosity microscope giving a 
magnification of from twenty to fifty. 

Particular care with this method allows the observer to 
count the number of particles that fall on a certain area. 
An experienced observer can count from 90 to 95 per cent of 
the impinging particles. Likewise, fast protons produce 
scintillations and can be counted in the same way. 



18 Detection and Measurement of Radiations 

The scintillation method has been extremely important in 
the past because it made possible the classical work of 
Rutherford on the scattering of a-particles and the discovery 
of artificial disintegration. Although nowadays automatic 
electric methods for counting particles are preferred, never- 
theless, on account of its extreme simplicity, the scintillation 
method may be usefully employed for qualitative work. 

4. Point and tube counters. When the ionization current 
produced by the passage of a particle in a chamber is too 
weak to be detected directly, it can be enormously amplified 
by means of the effects due to impact ionization and 
secondary emission of ions from the surface of the electrodes. 
On this principle are based the counters called counters with 
automatic amplification. 

These counters consist essentially of an ionization 
chamber in which the intensity of the electric field is such 
that a discharge does not set in spontaneously but is started 
by the ions produced by the particle. It is essential that 
this discharge should not become permanent; instead, it 
must bg interrupted automatically after a very short time, 
in order that the apparatus may be reset in proper condi- 
tion for registering the next particle. 

Geiger’s point counter fulfills these conditions by means 
of the apparatus shown in Figure 1. The cylindrical cham- 
ber C constitutes one of the electrodes. On the front wall 
there is a circular hole through which the particles are al- 
lowed to enter the counter. When the apparatus is not 
to be used at atmospheric pressure, this window can be 
closed with a thin foil. The other electrode may consist 
either of a sharp needle or of a small sphere at the end of a 
thin wire, and is held in position by means of an insulating 
plug. 

The inner electrode is grounded through a very high leak 
resistance R (from 10^ to 101“ ohms), while the wall of the 
chamber is brought to a high positive or negative potential 
(from 1,000 to 5,000 volts). The inner electrode is con- 
nected to a short-period electrometer, which permits the 
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observer to note its sudden potential variation during the 
discharge. 

Under good working conditions almost every particle that 
produces ions within the conical space defined by the point 
and the circular window gives rise to a discharge. The 
duration of this discharge is of the order of 10~® seconds, 
and the maximum current intensity varies rapidly with the 
applied voltage and can easily be brought up to an order of 
magnitude of 10“® amperes. 

The ratio between the total current produced in the dis- 
charge and the primary ionization current due to the par- 
ticle is called the multiplication factor. 



Figure 1. Arrangement of a Geiger Counter. 


It is important to study the behavior of a counter when 
the potential is varied. Up to a certain value of this po- 
tential there is no secondary ionization. Then, in case the 
potential applied to the outer electrode is negative, there is 
a region in which the total number of ions produced is pro- 
portional to the number of original ions (multiplication 
region). At this stage the impulses are still very small 
(multiplication factor from 10® to 10^). 

Thus we have a multiplication counter that is very useful 
when only heavy ionizing particles (a-particles or protons) 
are to be counted in the presence of a /S- or 7-radiation. As 
an a-particle produces per centimeter of path a number of 
ions which are about one hundred times larger than an 
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electron, it is easy to adjust the sensitivity of the registering 
system in such a way that only the impulses due to a-par- 
ticles are counted. 

By a further increase in the potential, a region is reached 
where the magnitude of the impulses becomes independent 
of the amount of original ionization, and is a function only 
of the potential, the nature of the gas, the resistance R, and 
the geometrical conditions of the apparatus. In this case 
the impulses due to strongly or weakly ionizing particles 
(a or |8) can no longer be distinguished. The multiplication 
factor in this region attains values from 10^ to 10®. 

This method makes possible a quantitative counting of 
the particles because of the existence of a saturation region 
(a potential range that may be even several hundred volts 
wide) in which, under the irradiation from a certain source, 
the number of impulses per unit time remains approximately 
constant. Under these conditions it is found that prac- 
tically all particles entering the sensitive region give rise to 
an impulse. A further increase in the voltage produces 
spontaneous discharges. 

Figure 2 is a reproduction of the characteristic curve of a 
counter in good working condition. 



For registering the impulses, an electrometer connected 
with a photographic registration system might be used. 
However, by far the most practical method of counting im- 
pulses consists in coupling the counter circuit, by means of 
a small capacity, to a tube amplifier that operates a mechan- 
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ical recorder (for example, a telephone call meter). A gas- 
filled three-electrode tube (thyratron) is particularly well 
adapted for operating the mechanical meter. If the inertia 
of the mechanical meter is too great to permit the fast 
counting rate desired, then special thyratron circuits can be 
used (for example, the Wynn-Williams scale of two, fom, 
etc., thyratrons). By means of these circuits only one 
impulse out of two, four, or more, is registered on the me- 
chanical meter.® The probability that two impulses will 
come to the mechanical meter in such quick succession as 
not to be registered separately is thus much reduced. 

A limit to the counting rate is set, however, by the count- 
er’s time of recovery. For this reason counters become un- 
reliable when the counting rate exceeds a few hundred im- 
pulses per minute. 

The tube counter (Zdhlrohr) of Geiger and Mueller differs 
from the point counter only in the shape of the electrodes. 
(See Figure 3.) The cathode is cylindrical; the anode con- 

+ 

Figure 3. Tube Counter. 

sists of a wire (usually made of steel, aluminum, or tungsten, 
and from .1 to .5 millimeters in diameter) placed on the axis 
of the cylinder. In order to avoid the use of very high volt- 
ages, the counter is generally filled with air or some other gas 
at reduced pressure (from 2 to 10 centimeters of mercury). 
The electrodes are usually sealed in a glass tube, which must 
have a thin wall when |S-rays are to be counted. A thin 
glass, aluminum, or mica window is used when a- or soft 
i8-particles are to be permitted to enter. 

The characteristics of this counter are similar to those of 
the point counter. The sensitive region extends throughout 
the total space between the electrodes. Here, also, a multi- 
plication region of applied voltage exists. 

^Wynn-Wiffiams, Proc. Roy. Soc., 136, 312 (1932). 
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Any type of counter always registers a certain number of 
impulses — even when no radioactive source is present — for 
the same reasons that produce the residual ionization dis- 
cussed in section 1 of this chapter. Some idea of the order 
of magnitude of this background effect may be obtained 
from the following: A tube counter one centimeter in diam- 
eter and four centimeters in length gives a minimum of ten 
to twenty impulses per minute, which can be reduced to 
about one-half by screening with a few centimeters of lead. 

Point counters have a lower background effect because of 
the smaller extension of the sensitive region. They are 
sometimes preferred for the measurement of a- or 18-par- 
ticles, whereas tube counters, on account of their higher 
sensitivity, are generally used for measuring y-rays. The 
y-rays act through the secondary electrons generated in the 
walls of the counter or in the gas. In a counter of the 
dimensions given above, the y-radiation from one milligram 
of radium placed at a distance of five meters produces 
about ten impulses per minute. 

When counters are used, it is important to have a dis- 
charge of extremely short duration, in order to obtain a 
high resolving power — ^that is, to be able to separate particles 
falling on the counter in very quick succession. The 
reasons why the discharge is interrupted have not yet been 
clearly ascertained. For a long time the effect was at- 
tributed to insulating oxide layers present on the electrodes ; 
but now it seems that this factor is not essential, although 
it may influence the operation of the counter. The dura- 
tion of the impulse depends, also, upon the capacity and the 
leak resistance, which therefore must be as small as com- 
patible with satisfactory operation of the counter. Ac- 
cording to some authorities, the leak resistance can be con- 
veniently replaced with a photoelectric cell or other device 
which, instead of presenting an ohmic resistance, allows a 
weak saturation current of the order of 10'^ amperes. In 
this way the saturation region may be made much wider. 
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It is important to mention here the coincidence method, 
which is particularly well adapted to the study of cosmic 
rays or hard 7 -rays. A tube amplifier ^ registers only the 
simultaneous, or coincident, impulses of two or more tube 
counters (Bothe; Rossi). These coincident impulses are 
produced when a single particle or several particles gen- 
erated in a single elementary process go through the 
different counters. With this method it is e\ddently very 
important to obtain a high resolving power in order to de- 
crease the number of apparent or chance coincidences. It 
is not difficult to resolve impulses that are separated by 
less than 10 “"* seconds. 

5. Measurement of the ionization produced by a single 
particle. The primary ionization produced by a single 
particle has been measured only in the case of heavy ionizing 
particles (a-particles or protons) . The potential variation 
of the electrode on which the ions are collected can be 
measured by two different methods: either directly, by 
means of an extremely sensitive electrometer; or through 
amplification. 

The first method has been developed principally by Hoff- 
mann. The electrometer deflection (Hoffmann or Linde- 
mann electrometer) is usually photographed on a moving 
film. Each ionizing particle is revealed by a jump, the 
size of which indicates the number of ions produced. 

The amplification method, first applied by Greinacher, 
has recently been brought to a high degree of perfection 
mainly by Wynn-Williams. Five or six amplification 
stages — the first ones carefully protected from external 
disturbances — are used,® and the voltage amplification is 
of the order of 10® or 10^. The amplification is linear and 
therefore allows a measurement of the primary ionization. 
By this method a primary ionization of 500 ions (that is, 
2.4 • 10 “’' ESIJ) can be measured. Here, also, heavy ionizing 
particles can be detected in the presence of d- and 7 -radia- 

^ Bothe, Z. Phys., 59, 1 (1929); Rossi, Nature, 125, 636 (1930). 

®See Dunning, Rev. Sci. Instr., 5, 387 (1934). 
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tions which produce, not single measurable impulses, but 
only a disturbance through the fluctuations in their ioniza- 
tion. The effect of this disturbance is smaller when the 
resolving power is higher, and consequently an intense 
electric field is applied to the ionization chamber to insure 
quick collection of the ions. 

6. The Wilson cloud chamber. This method is based on 
the discovery, made by C. T. R. Wilson, that ions act as 
condensation centers for supersaturated water vapor. 

This supersaturation is obtained by producing, through 
the quick motion of a piston, an adiabatic expansion of a gas 
already saturated with water vapor. The expansion lowers 
the temperature according to the equation : 

= constant 

where T is the absolute temperature, v the volume, and y 
the ratio of the specific heat at constant pressure to that 
at constant volume. In the ease of the air-water vapor 
mixture, the cooling is more than sufficient to counteract 
the effect of the increase in volume, and hence supersatura- 
tion is reached. If then an ionizing particle goes through 
the gas, each ion becomes the nucleus of a water droplet, and 
the path becomes visible as a thin track of fog. 

In practice, some precautions are necessary for satis- 
factory operation of the apparatus. The expansion ratio 
(the ratio between the final and the initial volume) must 
have a well-defined value for each gas-vapor mixture, in 
order that distinct tracks may be observed. For example, 
air of the initial pressure of 76 centimeters which is satu- 
rated with water vapor requires an expansion ratio of 1 . 31 . 
Under these conditions the so-called supersaturation factor 
is about 6 — that is, at the end of the expansion the vapor 
density is six times higher than that corresponding to 
saturation. 

The expansion ratio is, of course, lower when a gas with a 
higher value of y is employed. For example, a mixture of 
helium (7 = 1.66) and water vapor requires an expansion 
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ratio of about 1.2. Often, instead of water vapor, alcohol 
vapor is used. Better still is a mixture of water vapor and 
ethyl alcohol vapor, which requires a smaller expansion 
ratio than either of the two vapors alone ; with air, the mix- 
ture has an expansion ratio of about 1.15. In some cases, 
when the chamber must be filled with a gas which reacts 
with water and alcohol, other vapors can be used (for ex- 
ample, carbon tetrachloride). 

An electric field is maintained in the chamber in order to 
sweep out the ions that are produced spontaneously and 
that would create a diffuse fog. This electric field is 
usually switched off just before the expansion, when the 
particles are allowed to enter the chamber by means of an 
appropriate shutter. 

To aid in photographing the tracks, the chamber is 
strongly illuminated with a horizontal beam of light from a 
carbon arc or a mercury vapor discharge, and the light 
scattered at right angles by the water droplets is used for 
the photograph that is taken through the glass plate at the 
top of the chamber. Generally two stereoscopic pictures of 
the tracks are taken simultaneously, in order that the path 
of the particle may be reconstructed in space. In the case 
of weak tracks (/S-particles), sometimes photographs are 
taken using the light scattered in a forward direction, which 
is much more intense than the light scattered perpendic- 
ularly. 

Because of their very different aspects, due to the differ- 
ent number of ions per unit length of path, a- and /J-tracks 
can be distinguished immediately. In the tracks of a-par- 
ticles, the number of droplets is of the order of 10,000 per 
centimeter, and therefore the tracks show a uniform thick- 
ness. The electron tracks, having only about 100 droplets 
per centimeter, appear much thinner, and the individual 
droplets are easily distinguished and irregularly spaced. 
The different aspects of the tracks are clearly shown in 
photographic reproductions of the various tracks. (See 
pages 301-303 and 309-315.) 
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The Wilson cloud chamber can be operated either man- 
ually or automatically. In the latter case the expansions 
are produced at regular intervals (from 10 to 30 seconds), 
after each of which an automatic device resets the piston in 
the initial position and controls the illumination and the 
photographic instrument. Since the pictures are usually 
taken on a motion-picture film, once the apparatus has been 
conveniently regulated thousands of photographs can be 
taken in a short time, as is necessary when rare phenomena 
like artificial disintegrations are to be observed. 

In certain problems (mainly those arising in connection 
with cosmic rays) it is advisable to operate the expansion of 
the cloud chamber, not at regular time intervals, but only 
when a particle which is to be observed goes through the 
chamber. For this purpose, the expansion can be so con- 
trolled by the coincident discharge of tube counters placed 
in the vicinity of the chamber — ^for example, one above and 
one below the chamber — ^that only when a penetrating 
particle goes through the counters and the cloud chamber is 
the latter set into operation. Naturally, in this case the 
particle goes through the chamber before the expansion — 
not, as is usually the case, after the expansion; but if the 
time lag between the action on the counters and the expan- 
sion is of the order of 1/100 sec., the ions will not have dif- 
fused appreciably and the tracks will be perfectly distinct. 
Cloud chambers have been successfully operated under 
these conditions by Blackett and Occhialini and by An- 
derson. 



CHAPTER II 


General Laws of Radioactive Disintegration 

1. Mean life and related problems. As noted in the in- 
troduction to this book, the law that determines the rate of 
transformation of a radioactive substance is: The amount 
of substance which decays in the very short time dt is pro- 
portional to the amount of the substance present. If we 
indicate this amount by N{t), we can write: 

tlN 

^ (H, 1) 

dt 

where X is a characteristic constant of the substance and is 
called its disintegration constant. By integration, equation 
(II, 1) gives: 

V(t)=JVoe-^‘ (n,2) 

where Na is the amount of substance present at the time zero. 

N{t) may represent the number of atoms of the substance. 
Since this figure is an integral number, the considerations 
in which it is treated as a continuous variable will hold only 
when the number of atoms is extremely large. For the 
modifications that have to be introduced when this assump- 
tion is no longer true, see section 2 of this chapter. 

The mean life r of a radioactive substance can be calcu- 
lated immediately. Observe that at the time t the number 
of atoms present is N{t). Of these, a number \Nit)dt dis- 
integrate between t and t -j- dt. These atoms have lived a 
time t. Therefore, the mean life will be obtained by inte- 
grating from zero to infinity the expression : 

t\N{t)dt 

N, 

27 
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By integration, we obtain; 


T 




dt = 


(II, 3) 


The mean life thus turns out to be the reciprocal of the dis- 
integration constant. Sometimes it is more convenient to 
state, instead of the mean life, the half-life period — that is, 
the time T in which the substance is reduced to half of its 
initial arnount. The half-life period is obviously connected 
with the mean life by the relation: 

r = r log 2 = 0.693 t 

In practice, it is extremely important to calculate the time 
variation in amount of a radioactive substance when it is 
being steadily reproduced from its parent substance. The 
latter either may be present in a constant amount or may 
vary with time. 

Let JVi be the amount of the parent substance and Xi its 
disintegration constant, while N 2 and Xi represent the same 
quantities in connection with the daughter substance. 
We can then write the two equations: 


dNi 

dt 

dNi 

dt 


= - XiNi 


— XiNi — XzNi 


(11,4) 


The first of these equations expresses the exponential decay 
of the parent substance, while the second takes into account 
the fact that the rate of change in the number of atoms 
of the daughter substance is determined by the difference 
between the number of produced and the number of dis- 
integrating atoms. 

The linear differential equations (II, 4) have the general 
solution: 


iVi = Nl 

Ni = -\-Nl + (Nt- e 

A2 — Al \ X2 — Xi / 


(II, 5) 
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where we have expressed the arbitrary integration constants 
by means of the initial amounts of the two substances Ni 
and Nl 

We shall now consider in more detail the solution of equa- 
tions (II, 5) in a few particularly important cases. 

Case 1. The mean life of the parent substance is so long 
that the amount present can be considered as a constant 
(Xa » Xi). In this case, if W® = 0, we obtain approxi- 
mately: 

ATj = ^JV'S{1 _ e-xa*} (11,6) 


After a time t, which is long compared with 1 /Xa, a condition 
is reached in which the amount of the daughter substance 
present is -practically constant and, more precisely, has the 
value 

Nix' 

Xa 

It is then said that the daughter substance is in secular equi- 
librium with the parent substance. The amounts of the 
two substances present are directly proportional to their 
respective mean lives, or inversely proportional to their dis- 
integration constants. 

A similar state of affairs is reached among more than two 
substances in a radioactive series, when the parent sub- 
stance has a much longer mean life than any of the following 
substances. Thus in uranium {T = 4.5 • 10® years) miner- 
als, all of its successive disintegration products (ionium, 
radium, emanation, and so on) are found. Through the 
geological ages these elements have reached a state of secu- 
lar equilibrium — that is, each element is present in an 
amount proportional to its mean life. For example, the 
amount of radium (T = 1.6-10® years) associated with one 
gram of uranium is : 


226 1.6-10® 
238 ■ 4.5-10® 


3.38-10-^ gr. 



30 General Laws of Radioactive Disintegration 

A typical case in which formula (II, 6) can be readily 
verified is that of the formation of radium emanation, or 
radon (T = 3.84 days), from radium. The exponential 
decay of radon and its recovery are represented by the two 
curves in Figure 4. 



T 2T ST iT 

Figure 4. Decay and Recovery of Radon. 


The relation between the decay and recovery curves can 
easily be understood from the following. After a time which 
is long compared with its mean life, the radon will be in 
equilibrium with the radium, and therefore its amount will 
be constant. Suppose then that we remove the whole 
amount of radon from the radium. The separated radon 
decays in proportion to 

However, since the total existing amount must still be a 
constant, the amount present in the radium must increase in 
proportion to 

Case S. The mean lives are of the same order of mag- 
nitude, but initially only the parent substance is present 
(iV® = 0). From equations (II, 5) we obtain: 

■^2 = X. (II, 7) 

The daughter substance reaches a maximum value and, for 
large values of t, decreases with the period either of the 
parent substance or of the daughter substance, according to 
whether Xi is smaller or larger than X 2 . As for large values 
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of t, that exponential term in which the constant X is smaller 
becomes dominant. 

Case 3. When X 2 > Xi and the amounts of the parent and 
the daughter substances initially present satisfy the relation 

- X2 - ^ ^ 

then, according to formula (II, 5), the term containing 

vanishes. Both substances decay with the period of the 
parent substance, and their ratio 

iV2 Xl 

iVi Xg — Xl 

is a constant. This state of affairs is called a transient equi- 
librium, and of course becomes a secular equilibrium when Xi 
is so small that 

g-Xii 

can be considered as a constant. The transient equilibrium 
is reached after a sufficiently long time when the initial 
conditions are those of case 2, provided that Xg > Xi. In 
the opposite case (that is, if X 2 < Xi), after a certain time 
the parent substance practically disappears and there re- 
mains only the daughter substance, which decays with its 
own period. 

Figure 5 represents the variation, with time, in the 
100 
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Time in minutes 

Figure 5. Decay of the Active Deposit of Radium. 
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amount of Ra A (X = 3.79-10 ®), Ra B (X = 4.31 -10”^), 
RaC (X = 5.86-10-^), and Ra D (practically X = 0), 
under the assumption that at the time zero only Ra A was 
present. 

The treatment of cases in which more than two substances 
have to be considered is so similar that it presents no diffi- 
culties. 

The activity of a substance— that is, the number of atoms 
which disintegrate per unit time — is proportional to XJV. 
In radioactivity this quantity is much more important than 
the amount of substance expressed in weight or in number of 
atoms. Consequently a unit of activity is used; it is called 
a curie and is the activity of one gram of radium. Accurate 
measurements have shown that in a gram of radium 

3.71-101“ 

atoms decay every second. In practice, the milKcurie, a 
unit one thousand times smaller, is used more often than the 
curie. One millicurie of a radioactive substance of the same 
atomic weight as radium and with the disintegration con- 
stant X corresponds in weight to 

XradiuD-, 

-mgr. 


In a series of elements in secular equilibrium with their 
parent substance, the activity of each element is the same. 

2. Statistical fluctuations in radioactive phenomena. Let 
us now consider the number of particles emitted by a radio- 
active substance in equal time intervals, assuming for the 
sake of simplicity that during the time of the experiment the 
decay of the substance may be disregarded. It will be found 
generally that the number of particles emitted in equal time 
intervals is not the same but is subject to statistical fluctua- 
tions whose law can be obtained from simple probability 
considerations. 

For this purpose, let N be the number of atoms of the 
substance, which will be practically constant during the 
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time of the experiment. Let X be the disintegration con- 
stant. Then the average number of atoms decaying during 
the time f is; 

M = N\t (n, 8) 

We wish to find how the number of atoms m which actually 
decay in the time t fluctuates about this average value. 

Let us consider one particular atom. The formula 

- dN = -XNdt 

can still be applied to this case if — dN is interpreted as the 
probability for the atom in question to disintegrate in the 
very short time dt. Then the probability for the atom to 
exist still unchanged after the time t is : 

And consequently the probability for the atom to have dis- 
integrated is : 

1 - 

If we now consider the total N atoms, the probability that, 
during the time t, m of these atoms arbitrarily chosen have 
disintegrated and consequently the other N — m have re- 
mained unchanged, will be given by the product of m factors 
equal to 

1 - 

and N — m factors equal to 


We must now take into account the fact that the disinte- 
grating atoms can be chosen in 

Nl 

{N — m)\m\ 

different ways among the total N atoms, and consequently 
the probability JV (m) that, in the time t, m disintegrations 
have taken place, will be given by ; 

H'(») = 


( 11 , 9 ) 
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To obtain a simpler expression, we can take advantage of 
the fact that under our assumptions N is to be considered a 
very large number and \t a vanishingly small quantity, 
whereas M, expressed by the product N\t, has a finite value. 
Then, expressing Nl and (N - in)\ by means of Stirling’s 
formula and remembering that 

we find: 

( 11 , 10 ) 

which is the well-known Poisson formula. If we take a 
large number of equal time intervals, this formula tells us in 
how many of these intervals we must expect to observe zero, 
one, two, or more particles. In comparing these results with 
experiments, we find complete agreement; hence the facts 
prove that in radioactive phenomena the individual ele- 
mentary processes are independent of one another. 

If the number of particles m emitted in the given interval 
is very large, it can be shown by a transformation of formula 
(II, 10) that the probability W (m) has a very sharp maxi- 
mum for m = M, and that in the neighborhood of this 
maximum it is represented by the Gauss distribution: 

1 

W{m) = (II, 11) 

This last result is very important in radioactivity, where 
often the intensity of a radioactive source is measured from 
the number of particles emitted in a given length of time. 
It is then essential to know the probability of committing 
a certain error. If the error is called 

t = \ M — m 

^ Stirling’s formula is an approximation to the factorial of a large integer: 
x\ V2xe-t’'+« {x + !)*+■« 
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and we substitute m for M, formula (II, 11) can be written: 


f(6) =aJ: 


TTVl 




Here it is clearly seen that the order of magnitude of the 
probable error is proportional to Vm (that is, to the square 
root of the number of particles counted), and that conse- 
quently the relative accuracy attained increases in propor- 
tion to this square root. More exactly, the probability for 
the error to be larger than iiCVm is: 


where 


j i^OO 

K’\!m 









By evaluating the definite integral, we find the values 
given in Table 1 for the probability of an error larger than 
one, two, or more times Vm: 


Table 1 

PEOBABILITY OF ERROR WITH GAUSS DISTRIBUTION 


K 

Probability f or e > 

0 

1.00 

0.674 

0.50 

1 

0.32 

2 

0.046 

3 

0.002 

4 

0.00006 

5 

0.0000006 


3. Displacement laws and radioactive series. In all 
known spontaneous disintegrations, either an a- or a 
|3-particle is emitted from the nucleus. In the first case, 
the atomic weight decreases by four units and the atomic 
number decreases by two units. In the second case, the 
atomic weight is practically unchanged and the atomic 
number increases by one unit. In this section we shall not 
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take into account the very small departures of the atomic 
weights from the integral numbers (mass defects); these 
will be considered at length in a later division of the text. 

By means of these simple displacement laws, we can deter- 
mine the atomic weight and the atomic number of each 
member of a radioactive series, once these quantities have 
been measured for one element of the series; for example, the 
first element, which is always an element with a very long 
decay period and therefore obtainable in a large amount. 

Three series are known and are called, respectively, the 
uranium-radium, the thorium, and the actinium series. 

While the uranium-radium series was early recognized to 
originate from XJ 1 (Z — 92, A = 238, T = 4.4-10® years), 
and the thorium series from Th (Z = 90, A = 232, 
T = 1.6-10^® years), there has been much discussion about 
the origin of the actinium series. Recently, however, the 
determination ® of the atomic weight of protactinium as 
231 and the observation of the presence of an isotope of 
mass 235 (actino-uranium) in uranium have definitely 
proved the latter to be the parent element of the actinium 
series. Hence the end product of this series is the lead 
isotope of mass 207, which is always found (in a small 
percentage) in lead from uranium minerals. From this 
amount, from the ratio of the actinium/radium activity ob- 
served at present (between 3 and 4 per cent), and from the 
age of the uranium mineral considered (as determined from 
the lead/uranium ratio), it is possible to make a rough 
evaluation of the half-life period of actino-uranium — which 
turns out to be approximately 4-10® years. 

The atoms of the three radioactive series have atomic 
numbers lying between 81 and 92. While to the atomic 
numbers from 84 to 92 there correspond only radioactive 
elements, the radioactive substances of lower atomic weight 
are isotopic with the three ordinary stable elements 
T1 {Z = 81), Pb (Z = 82), and Bi {Z = 83). The stable 

' V. Grosse, Proc. Roy. Soc., ISO, 363 (1935). 

’Dempster, Nature, 136, 180 (1935). 
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end product of each series is always an isotope of lead : Pb-®® 
for the uranium-radium series, Pb-®® for the thorium series, 
and Pb^“^ for the actinium series. These three isotopes are 
also the main constituents of ordinary inactive lead. 

Several radioelements are isotopic with one another and 
are generally indicated by corresponding names. All the 
so-called A- and C'-products are isotopes of polordum; the 
B- and D-products are isotopes of lead; the C-products are 
isotopes of bismuth; and the C"-products are isotopes of 
thallium. 

The three radioactive series are best illustrated in Fig- 
ure 6 (see page 39). Here we have plotted as abscissae the 
atomic number of each element, and as ordinates the differ- 
ence A — Z between the atomic weight and the atomic 
number. (For a detailed discussion of the proton-neutron 
scheme, see Chapter VI.) 

The three series exhibit considerable similarity — at least 
after the three bodies which are isotopic with radium, Ra, 
Th X, and Ac X. In all three series the C-products dis- 
integrate in either of two alternate ways: they may emit 
either an a- or a jS-particle. The two substances thus pro- 
duced are then transformed in such a way as to give a com- 
mon D-product. In the radium series, almost aU of the 
atoms (99.96 per cent) disintegrate according to the scheme : 

B a 

Ra C — > Ra C' — ^ Ra D 

In the actinium series, the prevalent process (99.7 per cent) 
is: 

Ac C 4 Ac C" Ac D 

In the thorium series, 65 per cent of the atoms disintegrate 
according to the first scheme, and 35 per cent according to 
the second scheme. 

Another branching in the radioactive series appears to 
exist in the case of U Xi. Here a fraction of about 0.3 per 
cent, instead of following the main disintegration scheme 
indicated in the diagram (Figure 6), is transformed, also 
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with the emission of a |5-particle, into a body called U Z, 
which therefore would be both isotopic and isobaric with 
U X 2 . These two bodies then seem to be transformed into 
U II by the emission of another /3-particle. (For the 
theoretical difficulties presented by this case, see Chapter V.) 

In all three radioactive series there is an element of 
atomic number 86 which has the chemical properties of a 
rare gas and is called emanation. Since the gas can easily 
be separated from the mother substance, generally in solu- 
tion, this characteristic enables us to obtain the following 
products of the series in a pure state. These substances 
constitute the so-called active deposit, consisting of the 
A-, B-, C-, C -, and C ^'-bodies, which are all strongly active 
(with a short mean life). In the radium series this active 
deposit is transformed into stable lead, not directly, but 
through the long-lived substances Ra D and Ra F (po- 
lonium). 

In the radium series the emanation has a half-life period 
(3.84 days) much longer than the active deposit. There- 
fore after a few hours this active deposit will be in equi- 
librium with the emanation and will decay slowly over a 
period of several days. For this reason, radon in equi- 
librium with its decay products is generally used for study- 
ing the radiation of the active deposit. 

At this point we shall describe briefly the activity of ele- 
ments that do not belong to the three main radioactive 
series. 

All matter shows a very weak radioactivity, which in 
most cases has been shown to be due, not to an activity of 
the ordinary elements, but to the presence of extremely 
small amounts of the well-known radioelements. Thus a 
gram of ordinary metals contains an amount of radioele- 
ments whose activity is equivalent to 10'^^ or grams 
of radium. 

However, three cases have been found in which the 
activity has been proved to be characteristic of the element 



Figure 6. The Three Radioactive Series in a Proton- Neutron Scheme. In this scheme, by an a-transformation, the element 
is shifted two places toward the left and two places down; by a ^-transformation, one place toward the right and one place down. 
For the half-life period T = 0.693 t, the following abbreviations are used: s — seconds, m == minutes, /i — hours, d = days, a — years. 
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itself — not due to a contamination of the ordinary radio- 
elements. These three are the following elements: potas- 
sium, rubidium, and samarium. The first two emit /3-par- 
ticles, and in potassium the disintegration is also accom- 
panied by the emission of a rather hard y-radiation. Sama- 
rium disintegrates by the emission of a-particles.* 

The activity of all of these elements is, however, very 
weak; the half-life period is extremely long. Assuming all 
isotopes of each element to be radioactive, we find, from the 
number of disintegration particles emitted, the following 
periods: 

Element Period 

K 1.3* 10^3 years 

Ilb 4.3- 1011 years 

Sm 1.2- 1012 years 

However, there seem to be definite indications “ (at least in 
the case of potassium) that the activity is due to the least 
abundant isotope, (present to about one part in 8,000) ; 
in this case the half-life period would be correspondingly 
shorter. The long-period activities of potassium and 
rubidium represent a rather puzzling problem concerning 
the theory of ^-decay (see Chapter IV), since they do not 
fit into the energy-period relation suggested by the theory, 
because the half-life is far too long for the energy of dis- 
integration involved. On the other hand, the period and 
energy of disintegration of samarium (a-particles of 11.6 
mm. range) satisfy the requirements of the theory of 
a-decay (see Chapter IV). 

A large number of radioelements not existing in nature 
can be produced by means of artificial disintegration. For 
their prod uction and properties, see Chapter VI. 

® Hosemann, Z. Phys., 99, 405 (1936). 

® V. Hevesy, Naturw., 23, 683 (1935). 



CHAPTER III 


Alpha, Beta, and Gamma Radiations and 
Their Interaction with Matter 

1. Interaction of the a-particle with electrons: range, 
ionization, and energy loss. The a-particle is a helium 
nucleus — that is, a helium atom which has lost its two elec- 
trons and therefore has a double positive charge— ejected 
from a radioactive nucleus. The initial velocity of the 
a-particles emitted from radioactive bodies is of the order 
of magnitude of 10® cm./sec., which corresponds to energies 
of the order of 10“® ergs, or 10® EV. Generally each radio- 
element emits homogeneous a-particles — that is, particles of 
the same initial velocity. The velocity can be measured by 
means of the deflection of a beam of particles in a magnetic 
or electric field. The most recent and accurate measure- 
ments of the velocities of a-particles have been made by 
means of magnetic deflection experiments performed by 
Rosenblum and by Rutherford and his associates. 

The a-particles emitted by a radioactive body are there- 
fore particularly well adapted to the investigation of the 
interaction with matter of particles with a well-defined 
velocity. 

The law of absorption of the a-particle in matter is 
characteristic. If the a-particles emitted by a given source 
placed in air are counted, it is found that the number of 
particles remains more or less constant up to a certain dis- 
tance R from the source, and then drops rather suddenly 
to zero. This means that particles of the same initial 
velocity have a well-defined length of path, or range, in air. 
After they have gone through this distance, they have lost 
practically all their energy and can no longer be detected. 

41 
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This type of absorption is fundamentally different from 
the more usual form of exponential absorption — observed, 
for example, for light or X-rays. The reason for the differ- 
ence is that a light or X-ray quantum disappears in a single 
elementary absorption process; under these conditions, a 
beam is absorbed exponentially. In the case of a-particles, 
the absorption in matter is due essentially to elastic impacts 
with the electrons. As the mass of the particle is about 
seven thousand times larger than the electron mass, the 
energy that can be lost by the particle in a single impact is 
only an extremely small fraction of its total kinetic energy. 
Therefore a very large number of impacts are necessary in 
order to stop the a-particle completely. Under these cir- 
cumstances the range will be the same, within very small 
fluctuations, for all a-particles of the same initial velocity. 
Since an impact with an electron is also insufficient to de- 
flect appreciably the a-particle, the latter will follow an 
approximately straight path. These characteristics of the 
track of the a-particle are illustrated in photographs ob- 
tained with the cloud chamber and reproduced in the plates 
at the end of this text. 

Sometimes the track of the a-particle shows a sudden de- 
flection. Then we are dealing no longer with an interaction 
with the electrons; instead, we have an impact of the 
a-particle with a nucleus. These impacts (the phenomenon 
of the nuclear scattering of a-particles) will be discussed in 
section 4 of this chapter. Here we shall limit ourselves to 
considering only the more frequent case of interaction wdth 
the electrons alone. 

The energy loss or stopping of the a-particle in matter is 
accompanied by ionization. As a certain amount of energy 
must be spent in order to ionize an atom, at least a part of 
the energy lost by the a-particle will be employed in pro- 
ducing ion pairs. 

We define specific ionization as the number of ion pairs 
generated by the particle per unit path (usually referred to 
either a centimeter or a millimeter of path); whereas 
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total ionization designates the number of ion pairs produced 
by the particle along its entire path. The specific ioniza- 
tion n is generally a function of the velocity v (or of the 
kinetic energy T). We define the stopping poioer F of a 
substance (for a particle of a given velocity) as the energy 
lost by the particle per unit path in this substance. We 
can then write : 


The range R ol a particle of initial energy To will be given 
by: 

r>To fjrp 

“‘I m 


The stopping power F{T) of a certain substance can be 
determined experimentally by measuring (for example, by 
means of the magnetic deflection) the energy of particles 
which have traversed a certain thickness of the substance. 
Once this energy loss has been ascertained for different 
initial velocities, formula (III, 1) enables us to deduce the 
range as a function of the initial energy. 

We can also apply the converse procedure — ^that is, first 
determine experimentally the range R{T) as a function of 
the energy, and then deduce the stopping powder from the 
relation : 


dR ^ I 
dT FiT) 


(III, 2) 


The specific ionization can be measured directly by means 
of a simple experiment of the following type. A narrow' 
beam of particles is allowed to enter a shallow ionization 
chamber, in which only a very small fraction of the range 
is spent. Either the ionization current produced by a large 
number of particles, or the ionization of a single particle 
(linear amplifier), is measured. By varying the distance 
from the source or by interposing substances which reduce 
the range, we can measure the dependence of the specific 
ionization on the range. 
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The curve representing this variation, shown in Figure 7 
is usually called a Bragg curve. The specific ionization in- 
creases with decreasing velocity until a very sharp maximum 
is reached. This maximum, for the a-particle in air at at- 
mospheric pressure, is located at about six millimeters from 



Figure 7. Specific Ionization of the Alpha Particle. 

the end of the range. After reaching this maximum, the 

ionization curve falls rapidly to zero; however, when the 

effect of a large number of particles is observed, this drop is 

less sudden than would be found in experimenting on a single 

particle. The difference is due to the fact that all particles 

mnJ velocity do not have exactly the same 

se^Hnn 9 discussion of Straggling of the range, see 
section 2 of this chapter.) 

flir shows the specific ionization of the o^-particle, in 
the?ange“'°'^ ^ 


Table 2 


SPECTFIC ionization of the a-PARTICLE IN AIR AT NTP 


Bange in cm. 

7.0 

6.0 

5.0 

4.0 

3.0 

Ion Pairs per mm. 

Bange in cm. 

in XX 

Ion Pairs per mm. 

2,440 

2,480 

2,640 

2,680 

2,880 

2.0 

1.5 

1.0 

0.47 

0.21 

3,440 

3,960 

4,800 

6,000 

4,500 
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If we compare the energy loss of the a-particle in a certain 
thickness of matter with the number of ion pairs produced 
under the same circumstances, we find that the ratio of these 
two quantities is approximately independent of the velocity 
and is characteristic of the substance. We can then write : 

„ dT ,rn\ 
dx 

and can consider w, at least formally, as the mean energy 
employed in the production of an ion pair. Actually, the 
whole energy is not spent in ionization, and w is much 
larger than the ionization potential of the atoms or mole- 
cules considered. This effect is due partly to the fact that 
the electrons possess a certain kinetic energy after being 
separated from the atoms, and partly to processes of excita- 
tion of atoms and molecules which do not contribute to the 
ionization. 

However, since w is approximately independent of the 
velocity and also of the nature of the ionizing particle, it rep- 
resents an important characteristic constant of a substance. 
Table 3 gives the values of w for a few gases. 


Table S 

MEAN IONIZATION ENERGY 


Gas 

w ill EV 

Ha 

33.0 

He 

27.8 

N, 

35.0 

0, 

32.3 

Ne 

27.4 

A 

25.4 


Obviously the total ionization produced by a particle 
along its path is obtained by dividing the initial energy of 
the particle by w] consequently the ionization is inversely 
proportional to w. 
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We shall now consider the quantitative dependence of the 
range and the specific ionization upon the velocity of the 
a-particle. In a certain velocity region, corresponding to a 
range between three and seven centimeters, the range- 
velocity relation is approximately expressed by Geiger’s 
formula ; 

R = av^~ (Ill, 3) 

whereas at lower velocities the range varies as and for 
very high velocities as v^. 

To verify the Geiger formula, we give in Table 4 the cal- 
culated and observed values of the range for the a-particles 
of a few radioactive bodies. The constant a has been set 
equal to 9.67 • 10“^®. 


Table 4 

CALCULATED AND OBSERVED RANGE FOR a-PARTICLES 


Substance 


T-IO-'EV 

Range 

Observed 

Range 

Calculated 

RaF 

1.597 

5.300 

3.80 

3.93 

ThEm ; 

1.739 

6.283 

4.97 

5.07 

RaC' 

1.922 

7.683 

6.87 

6.87 

Th C' 

2.054 

8.778 1 

8.53 

8.40 


Since no simple formula gives a correct range-velocity re- 
lation for all velocities, we have shown in Figure S an energy- 
range curve for a-particles of range between one and ten 
centimeters, as found experimentally by the most recent, 
accurate measurements.’^*’ (Data for the construction of an 
energy-range curve can also be obtained from Table 7, in 
Chapter IV.) The range considered in Figure 8 is always 
the mean range. (See section 2 of this chapter.) 

Protons are absorbed in much the same way as a-pa:’- 
ticles. Their specific ionization is about one-fourth the 
ionization produced by an a-particle of the same velocity, 
as the ionization depends upon the square of the electric 
charge (see section 5). A knowledge of the energy-range 
“ Mano, Annales de Phys., 1, 407 (1934); Journ. de Phys., 5, 028 (1934;. 
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relation for protons is particularly important for the study 
of artificial disintegration and other impact problems. 
Figure 9 shows an energy-range curve for protons. 



Mean Range In cm. 

Figure 9. Energy-Range Curve for Protons. 
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Within the limits of validity of Geiger’s formula, the 
energy loss, and consequently the specific ionization, is in- 
versely proportional to the velocity. This relation can 
easily be deduced from formula (III, 2), which gives us: 

— ^ = constant X v 

F[T) dT 2 

In the same approximation, the total number of ions pro- 
duced by an a-particle is proportional to 
Let us now investigate the dependence of the stopping 
power upon the substance. As the energy loss is a function 
of the velocity of the particle, we must consider the ratio of 
the stopping power to that of a standard substance — a ratio 
approximately independent of the velocity. Air at NTP 
is usually taken as a standard substance. The thickness of 
air which produces an equal energy loss is called the air 
equivalent of a layer of a substance. 

Table 5 gives the stopping power of a few substances 
referred to standard air. The data for gases are referred to 
atmospheric pressure. 


Table 5 

STOPPING POWER OF SELECTED SUBSTANCES 


Substance 

Relative Stopping Power 

Range in Substance 
Range in Air 

Air 

1 

1 

O 2 

1.07 

0.93 

Hi, 

0.21 

4.77 

He 

0.17 

5.88 

Ne 

0.62 

1.61 

A 

0.98 

1.02 

Kr 

1.52 

0.66 

Xe 

1.98 

0.50 

A1 

1,700 

5.85*10-' 


Sometimes the atomic stopping power (the stopping power 
divided by the number of atoms per cm?) is considered. 
Bragg has given the approximate empirical rule : The atomic 
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stopping power is proportional to the square root of the 
atomic weight. In section 5, this dependence is discussed 
at length from the theoretical standpoint. 

Another quantity often used is the mass stopping power — 
that is,- the stopping power divided by the density of the 
substance. According to Bragg’s rule, the mass stopping 
power is inversely proportional to the square root of the 
atomic weight. 

2. Straggling of the a-particle. When an initially homo- 
geneous beam of ce-particles has traversed a certain thickness 
of matter, it can be shown (for example, by means of a 
magnetic analysis) to have become, to a certain degree, in- 
homogeneous. In other words, the energy loss has not been 
the same for all the particles. As a consequence, the range 
of the particles in a substance is not exactly defined, but 
has only an average value about which the individual par- 
ticles fluctuate. This effect is known as the straggling of 
the range. 

This state of affairs is easily understood by recalling that 
the energy loss is due to a number of elementary ionization 
processes, which are subject to statistical fluctuations. If 
over a certain range the a-particle produces an average 
number n of ions, the probable deviation from the value n 
will be of the order of 4n. For example, in a millimeter of 
air, if the average number of ions produced by the p article 
is 3,000, the mean fluctuation will be of the order of V3,000, 
or 55 ions, and since the production of an ion pair requires 
an expenditure of 35 EV, the total energy loss will have a 
mean fluctuation of 35-65, or 1,925 EV. Actually, the 
phenomenon is more comphcated : in addition to the fluctua- 
tions in the number of ions, there also occur fluctuations in 
the energy necessary to produce an ion pair. If all this is 
taken into account, the observed fluctuations in the energy 
loss correspond approximately to the theoretical predictions. 

The straggling of the range has been accurately measured 
both in the cloud chamber and by means of a linear ampli- 
fier. The ranges of the individual particles were found to 
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be distributed around the average value, according to a 
Gaussian law, with a mean fluctuation between one and two 
per cent. This value, R, spoken of as the mean range, is 
now generally employed, although other definitions of the 
range (for example, the so-called “extrapolated range”) are 
often used, especially in the older literature. 

If we plot, in a diagram, as ordinates the number of 
a-particles (assumed to be initially homogeneous) which 
have ranges larger than the value indicated in the abscissae, 
because of the straggling we obtain a curve similar to curve 
(a) in Figure 10 {integral distribution in range). The curve 
obtained by differentiating the former curve obviously repre- 
sents the number of particles having ranges between R and 
R -j- dR. This curve, similar to curve (b) in Figure 10 



Figure 10. Distribution in Range of Initially Homogeneous Alpha Particles: 
(a) Integral Distribution; (b) Differential Distribution. 


{differential distribution in range), is approximately a 
Gaussian curve. The range obtained by extrapolating to 
the abscissae axis the approximately straight part of the 
integral curve (near the end) is called the extrapolated range. 

3. Primary and secondary ionization: capture and loss of 
electrons. The ionization produced by an a-particle does 
not consist entirely of the directly produced ions, but is 
partly of a secondary nature. That is, some electrons 
knocked from the atoms by the impact of the a-particles 
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have sufficient energy to ionize a certain number of atoms. 
It is not easy to determine the percentage of the total ob- 
served ionization that is due to the primary ionization, and 
determinations obtained by various methods have led to 
rather inconsistent results. The primary ionization is 
usually considered to comprise about one-third of the total 
ionization. 

The electrons accelerated by the impact of the a-particle 
can reach rather high velocities, the theoretical maximum 
being twice the velocity of the a-particle. This value cor- 
responds, for an electron, to energies of the order of 10® EV. 
The tracks of the secondary electrons, the so-called 5-rays, 
can easily be observed in the cloud chamber. In gases like 
helium, in which the ionization is low, and at reduced 
pressures the tracks are especially distinct, because of the 
increased range. 

Rather complicated effects are observed by studying the 
capture and loss of electrons by the a-particle in its passage 
through matter. 

If an approximately homogeneous beam of a-partieles 
which has gone through a thin metal foil is analyzed by 
means of a magnetic field, it will be found that not all the 
particles consist of doubly charged hehum ions (He'‘'+). 
There is also a beam composed of singly charged ions (He+), 
and finally there is a beam of neutral helium atoms. This 
effect shows that the a-particle can capture one or two elec- 
trons by passing through matter. 

Let us suppose that an a-particle of velocity v has, in a 
certain substance, a mean free path Xi for electron capture, 
and that, after the particle has captured an electron, it has 
a mean free path X 2 for loss of this electron. It is obvious 
that if the a-particle exists for a fraction ;Si of its path as a 
doubly charged ion and for a fraction as a singly charged 
ion, this relation exists : 

S'i X2 
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It follows also that, if we analyze by means of a magnetic 
spectrograph a beam of particles of velocity v emerging from 
the substance under consideration, the ratio of the numbers 
of ions is equal to the ratio of the fractions of path: 

He++ ^ ,Si 
He+ S 2 

and consequently gives the ratio of the two mean free paths 
Xi and X 2 . 

Another experiment permits a direct measurement of X 2 . 
A gas is introduced into the magnetic spectrograph. When 
a certain value of the pressure is reached, the beam of the 
He+ ions disappears, as they lose the electron by impact 
with the gas molecules and this produces a change in the 
radius of the orbit and therefore a scattering of the beam. 
When the value of the pressure reaches the point at which 
the intensity of the He+ ion beam is reduced to 1/e of the 
initial value, the total path of the ions in the gas is equal to 
the mean free path X 2 under the given conditions. 

The quantitative results of these experiments are the 
following. The ratio X 1 /X 2 varies rapidly with the velocity, 
being proportional to the fourth or fifth power of v. Conse- 
quently very fast particles exist most of the time as He'''+ 
ions. To illustrate, for an a-particle of Ra C' possessing 
total energy, 

^ = approximately 200 
X2 

When the velocity of the particle is reduced one-half, 



In standard air, in the first case, Xi = 2.2 mm. ; in the second 
case, Xi = 0.037 mm. 

From the determination of Xi and X 2 at different velocities, 
it is easy to deduce how many times an a-particle changes its 
charge throughout its total path, and for what fraction of 
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the path it exists as an He+ ion and as an He++ ion. The 
«-particle changes the value of its charge several thousand 
times throughout its path, but does so almost wholly within 
the last few millimeters; for more than 90 per cent of its 
path, the particle exists as a doubly charged ion. 

These phenomena contribute considerably toward com- 
plicating the range-velocity relation. 

4. Scattering of the a-particle. In this section we shall 
limit ourselves to a consideration, from the classical point 
of view, of the scattering due to the elastic impact of the 
a-particle with a nucleus, treated as a center of Coulombian 
force. We shall postpone to Chapter VI the deviations 
from the classical Rutherford law due to the finite dimen- 
sions of the nucleus, and to section 6 of the present chapter 
the deviations due to the Heisenberg resonance phenomenon 
when the two colliding particles are identical. The phe- 
nomenon of the scattering of the a-particle has led to funda- 
mental results which have become the basis on which the 
nuclear hypothesis of the atom has been developed. 

Let us consider, in general, the theory of the scattering of 
a beam of charged particles by a center of Coulombian force. 
Let m be the mass and v the velocity of the particle at a 
long distance from the nucleus; Ze and Z'e, the respective 
charges; b, the impact parameter (the shortest distance of 
the nucleus from the prolongation of the initial straight 
path of the particle) . See Figure 11. 

The principles of conservation of energy and angular 
momentum give the following equations in polar co-ordi- 



Figure n. Impact with a Coulomb Force. 
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nates : 


+ T^<p^) 

2 


r 



By writing 


T = (p 


T^<p = hv 
dr 


d(p 


and eliminating the time between these two equations, we 
obtain the differential equation of the orbit, whose solution 
by a convenient choice of the integration constants can be 
written : 


where 


a 

6 cos ip — \ 


__ 


(in, 4) 


^ . , 2mWv^'b^ 


Formula (III, 4) is the equation of a hyperbola, one of 
whose foci is occupied by the center of force. The angle 
between the two asymptotes is equal to 2ipo, where 


6 cos ^0=1 

As the total angular deflection of the particle is: 

6 = IT — 2^0 

from the preceding relations we obtain : 

e e^ZZ' 
tan = — rr 


(in, 5) 


a formula which relates the deflection with the impact 
parameter. 

We shall now consider a beam of n incident particles per 
unit area. Let N be the number of centers of force per 
unit area. Then the number of particles having an impact 
parameter between b and b + db is equal to 2TTNntibdh. 
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After the impact these particles will be deflected through an 
angle between d and 6 + dd, where dh and dd are related by 
the equation: 



This equation was readily obtained by differentiating rela- 
tion (III, 5). 

The number of particles deflected between 8 and 8 + dd 
will be proportional to the last expression. However, the 
solid angle included between 6 and 8 + dd is 27rsin0 dd. 
Consequently the number of particles n(d) deflected per 
unit solid angle in the direction 6 is: 


n{e) 


2TrnoNhdb 
2-k sin d dd 



(HI, 6) 


This is the well-known Rutherford formula. It may be 
applied immediately to the scattering of the a-particles by 
an element of atomic number Z. Assuming Z' = 2, we 
obtain : 

( 7je^\ ■ 1 


Formula (III, 7) is based on the hypothesis that the force 
between the particle and the nucleus is the Coulomb force, 
and, further, on the condition that the nucleus is so heavy 
that its motion during the impact may be disregarded. 

If the latter condition is not fulfilled, the formulae which 
must be substituted for relations (III, 6) and (III, 7) can 
easily be obtained by similar considerations applied to a co- 
ordinate system where the center of mass of the two particles 
is at rest. 

Following is the formula which corresponds to (III, 6) 
and gives the number of particles of charge Ze and mass M 
scattered per unit solid angle at the angle 0 by nuclei of 
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charge Z'e, and mass m : 


n{S) = noiV 


/e^ZZ'\ 
\ mv^ } 


^ 3 fl 1^°°^ ^ 

cosec'^ B 


Vcosec^ 6 — 


Vcosec^ 0 — (Mlm)^ 


where the + or — sign is determined by whether M^m. 

We shall now describe briefly the scattering experiments, 
which have usually been performed by interposing a thin 
metallic foil in an approximately parallel beam of a-particles 
and determining, by means of scintillations or a Geiger 
counter, the number of particles deflected through a certain 
angle. When deflections larger than 90° have to be in- 
vestigated, the scattered particles are observed on the same 
side of the foil as the incident particles. The scattering 
has been investigated, also, in the cloud chamber. The 
drst fundamental research on scattering is the work of 
Geiger and Marsden. 

The essential results of these experiments are the follow- 
ing. For heavy nuclei, the consequences of the classical 
theory with Coulomb forces are verified to a high degree of 
accuracy, not only so far as the angle dependence is con- 
cerned, but also in connection with determining the ab- 
solute number of scattered particles. The determination 
of this number has been used by Rutherford to measure 
the electric charge of the nuclei, and the values thus ob- 
tained are extremely close to the actual values. In the case 
of light elements and very fast a-particles (where the 
a-particle can penetrate to exceedingly short distances from 
the nucleus), considerable deviations from the Rutherford 
formula, or, rather, from the corresponding formula for light 
nuclei, are found. These deviations indicate that for very 
short distances the law of force is no longer the Coulomb 
law, and we may say that the particle has penetrated into 
the nucleus proper. 

Such cases will be considered in detail in Chapter VI. 
Here we shall merely anticipate that the Rutherford formula 
and, therefore, the Coulomb law are always verified when 
the minimum distance of approach is larger than 10“^- cm. 
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This value we consider as the order of magnitude of the linear 
dimensions of the nucleus. 

The cloud chamber method enables us to follow all the 
details of the impact process. If the nucleus with which the 
a-partiele collides is a light one, it can receive sufficient 
energy to produce an observable range. In this case we 
are able to measure all the quantities necessary to test the 
validity of the laws of kinetic energy and momentum con- 
servation. The conservation of momentum has been veri- 
fied in all cases. However, the conservation of kinetic 
energy is valid only in certain cases, while other collisions 
are found to be inelastic — ^that is, a part of the kinetic 
energy is spent in producing transformations of the internal 
structure of the nucleus. 

We shall discuss these cases in Chapter VI, where we 
treat the collision problems from the standpoint of quantum 
mechanics. Here we shall simply anticipate that, for 
Coulomb forces, the Rutherford scattering law is exactly 
valid in quantum mechanics. 

In the collision of the a-particle with light nuclei, the 
latter may receive a considerable amount of energy. Per- 
haps the most important case investigated is that of hydro- 
gen nuclei, or protons, set in motion by the impact of the 
a-particle, which are called H-rays. Their maximum range, 
in a head-on collision with an a-particle, is about four times 
the range of the latter. 

5. Theories of the stopping of heavy charged particles. 
The aim of this section is to give a theoretical justification 
of the empirical results concerning the energy loss and 
ionization of fast charged particles in their passage through 
matter. Because of recent progress in the knowledge of 
the behavior of the electrons in the atom, the theory of the 
interaction of the a-particle with the electrons is now in a 
satisfactory state. 

As a first approximation we may assume that the electrons 
interacting with the a-particle are free. The elastic colli- 
sions between an a-particle and free electrons can be in- 
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vestigated in a manner similar to that employed in the 
problem of scattering. 

In general, when a particle of mass M and velocity V col- 
lides elastically with a particle of mass m (initially at rest), 
the conservation of energy and momentum immediately 
leads to the following relation between the velocity v taken 
up by the struck particle and the angle 6 which its path 
forms with the direction of the incident particle : 

V = 2V - cos e (III, 8) 

M + m 

If we now introduce the assumption of a Coulomb force be- 
tween the two particles of charges Ze and Z'e, respectively, 
we find the following relation between the impact parameter 
b and the angle 6 — ^in complete analogy with equation 
(III, 5): 



Let us now apply these formulae to the collision of the 
a-particle with an electron initially at rest. If we assume 
that Z = 2 and Z' = 1, and disregard m as compared with 
M, we find the energy taken up by the electron to be : 

ly = 1 mv- = 2wF'^ 

Z 1 “j“ 0^1 

where 



Now let Ndx be the number of electrons per cm- in the 
thickness dx. Since the number of electrons having an 
impact parameter between h and h -f db is 2TrNhdbdx, con- 
sequently the energy loss in the layer dx will be given by the 
integral : 


dz 


4:TrNmV^ 



bdb 

1 + by\^ 


(III, 10) 


This expression, however, diverges logarithmically for 
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6 00 . In other words, the distant but very numerous im- 

pacts (in each one of which the energy taken up by the 
electron is very small) give an infinite contribution to the 
energy loss. To obtain a finite stopping power, we must set 
an upper limit to the integral; this is equivalent to assign- 
ing a lower limit to the energy which can be lost in a single 
impact. 

Actually, we know that the electrons in matter are not 
free; they are bound in the atoms. We must now see how 
this fact is to be taken into account. 

In a classical theory developed by Bohr, the electrons are 
considered as elastically bound to the atom with certain 
characteristic frequencies Vi. Then, for very close impacts 
in which the time of impact bjV is small compared with the 
oscillation period of the electron 1/vi, the loss of energy can 
still be calculated by means of the same formula used for 
free electrons; whereas, for distant impacts in which b/V is 
large compared with l/p,, the energy loss is given by a 
different expression that does not diverge when integrated 
over large values of h. 

Under certain conditions, which are well verified (at least 
for light atoms), the value of the integral is more or less in- 
dependent of the value of b where one expression is substi- 
tuted for the other. In this way Bohr obtained the follow- 
ing formula for the stopping power; 


dT _ 47re^W ^ ^ l.l2ZY^m 
dx ~ mV^ I 2irviZe^ 


(III, 11) 


where N is the density of the atoms, Z the atomic number 
of the particle, and the atomic number of the substance. 

In order to compare the experimental values of dTIdx 
with the theoretical results, it is necessary to know the 
characteristic frequencies vi of the different electrons in 
the atom. These frequencies must obviously correspond in 
order of magnitude to the ionization or excitation potentials 
for the different electron shells. 
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The values of the stopping power thus calculated show 
fair agreement with values, obtained by experiment. For 
example, with hydrogen, by assuming a characteristic fre- 
quency corresponding to an excitation potential of 14 volts, 
the Bohr formula gives a stopping power in agreement, 
within about 20 per cent, with the experimental value. 

By means of the same classical theory we can also calcu- 
late the specific ionization produced by an a-particle. To 
obtain this result, we must determine, by means of formula 
(III, 9), simply how many collisions per unit path occur, in 
which the energy taken up by the electron w is higher than 
its ionization potential. We can assume that this result 
gives the number of primary ions. The total ionization 
can be evaluated by calculating, with the same principle, 
the ionization produced by the primary electrons. 

It is readily found that the primary specific ionization is 
given by; 


1=1 Jo (w + Wi)'^ 


(III, 12) 


where Wi is the energy required to separate the fth electron 
from the atom. The total ionization is given by the same 
expression except for a factor 


f(w -H Wj) 

Wi 


added under the integral sign. 

The values of the ionization calculated by means of these 
formulae for various gases (assuming the values of ionization 
potentials obtained from spectroscopic data) are of the 
right order of magnitude, though they may be wrong to a 
factor 2. 

A quantum-mechanical treatment of the energy loss of 
fast charged particles has been given by Bethe " and Bloch. 
The latter has provided a formula which is valid under 


Bethe, Handbuoh der Physik, XXTV-I, page 519 (Berlin, 1933). 
See Bethe, l.c. 
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more general assumptions and is the following; 

dx mV^ 

X Z./.[iog^ + m - 1+ (m, 13) 

where i indicates the logarithmic derivative of the gamma 
function, and R\p its real part. For large values of 

2-ire^Z 

hV 

this formula becomes the classical Bohr formula, if we con- 
sider each quantum transition to correspond to /„ classical 
oscillators of the corresponding frequency. 

The Bloch formula is valid under the assumption that the 
velocity of the incident particles is large compared with the 
velocities of the electrons in the atom; therefore, we may 
expect the relation to be verified more accurately for light 
elements. 

In order to compare theory with experiment, it would be 
necessary to know the values of the frequencies Vn and their 
corresponding transition probabilities /„. Bloch has solved 
the problem by means of an ingenious method in which the 
electron atmosphere of the atom is treated by the statistical 
method of Fermi and Thomas. 

From the equation of state of the degenerate gas, we can 
deduce a relation between the pressure and the density, and 
consequently calculate, by hydrodynamical methods, the 
oscillations of the electron atmosphere excited by the pas- 
sage of the particle. In this way we find an asymptotic 
distribution of the absorption frequencies and of the corre- 
sponding transition probabilities, as is necessary for the 
application of formula (III, 13). 

By transforming the latter formula with these considera- 
tions and assuming for simplicity that 

2Te^Z 

hV 
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is small, we obtain (for Z = 2): 

dT _ IBreW ,7 , „ 47rmF= 
dz mV^ ° kZaRh 


(HI, 14) 


where Zo is the atomic number of the element, R the Ryd- 
berg frequency, and k a numerical constant. 

Formula (III, 14) gives a dependence of the stopping 
power upon the atomic number which is in excellent agree- 
ment with experiment, and justifies the approximate 
empirical rule that the atomic stopping power is propor- 
tional to the square root of the atomic weight. 
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Figure 12. Stopping Power for Fast Alpha Particles. 


For the ct-particles of Ra C' (F = 1.922- 10"), Figure 12 
gives the values of 

F = - ^ 

IQire^N dx 


as calculated from the Bloch formula and as observed. 

The Bohr formula, as well as the other formulae deduced 
on the basis of quantum mechanics, gives an energy loss 
which, for high velocities, is approximately inversely pro- 
portional to F^; this dependence corresponds to a range 
proportional to the fourth power of the velocity. As we 
have seen in section 1 of this chapter, the law is in agree- 
ment with experimental facts. For low velocities, no very 
close agreement between the observed and the calculated 
range can be expected, since in theory the particle is always 




Interaction of Radiations with Matter 


63 


considered to be doubly charged, while in reality it exists 
partly as a singly charged ion and partly as a neutral atom. 

6. General remarks on /S-rays. The jS-rays consist of 
electrons emitted by the atom in the process of radioactive 
disintegration. Their energy varies between very wide 
limits — from low values that are scarcely measurable, up to 
several million electron-volts. 

As the velocities of the electrons can easily reach the 
order of magnitude of the velocity of light, it is essential to 
use the relativistic expression for the momentum p and the 
kinetic energy T. These and the velocity v are related by 
the formulae: 

rr i 1 

T = = mc^ — 1 

300 

p = ™ 2mc^T (HI, 15) 

j2 C 


where <3 = vjc. 

Often, instead of the energy or the velocity of an electron, 
the quantity used is the product Hp, where p is the radius 
of the circular orbit of the electron moving in a magnetic 
field of intensity H. From relativistic dynamics, the fol- 
lowing relations occur: 

Ep^ip = \ + 2mc‘^T (in, 16) 

From the above it appears that, as long as the kinetic 
energy is small compared with the self-energy me- 
= 5.11 • 10^ EV), Hp is about proportional to 4T] whereas, 
when T » Hp is roughly proportional to T. If the 
energy is measured in me- units, and Hp in mc^/e units that 
is, if we write : 


me 
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the relations between energy and magnetic deflection as- 
sume the simple form: 

17 = 'v2co -|- CO* 

CO = Vl + 'rf - 1 (III, 17) 

The use of the momentum, or of the quantity Rp, is very 
convenient since this datum is generally measured directly, 
either by means of cloud chamber experiments, or by the 
magnetic spectrograph whose principle is demonstrated in 
Figure 13. 



Figure 13. Magnetic Spectrograph with Semicircular Focusing. 

By means of a uniform magnetic field normal to the plane 
of the diagram, the electrons emitted by a source S are 
deflected in a circular path and, after describing a half 
circumference, are registered on a photographic plate or by 
a counter. The electrons falling on each point of the plate 
have a fairly well defined energy (even if the slit is rather 
wide) , since to a first approximation all circles of the same 
radius going through S meet the plate EP in the same 
point — that is, a certain degree of focusing is obtained. 
The apparatus is evacuated to avoid scattering and energy 
loss. 

The same principle has been applied, by Rosenblum and 
by Rutherford and his associates, to the magnetic analysis 
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of the a-particles, but this experiment requires extremely 
strong and extended magnetic fields. 

Both from the theoretical and the experimental stand- 
point, the study of the passage of electrons through matter 
is considerably more complicated than the corresponding 
problem for a-particles. While in the case of a-particles we 
treated the absorption in matter as a phenomenon com- 
pletely separated from scattering, in the present case it is 
impossible to set a sharp distinction between the two types 
of effects. This difference is due to the small value of the 
electron mass, as a result of which the electron is scat- 
tered by nuclei much more easily than is an a-particle; 
hence scattering is no longer an exceptional phenomenon. 
Also, an a-particle can be deflected from a straight path only 
by collision with a nucleus, whereas an electron can transfer 
a large fraction of its energy and its momentum to the elec- 
trons contained in the material. A consequence of these 
facts is that the electrons, except for extremely high ener- 
gies, do not usually follow a straight path but are, instead, 
frequently scattered by nuclear or electronic impacts; more- 
over, the straggling effect becomes so large that we no 
longer have a range as well-defined as that for a-particles. 
These characteristics of the passage of electrons through 
matter can easily be observed in the cloud chamber. 

We shall have to take into account, also, an effect that 
we could disregard in the case of the a-partiele: the radia- 
tion due to the sudden acceleration of the electron in an 
impact. This effect is responsible for the continuous X-ray 
spectrum emitted in the stopping of cathode rays. 

An experimental difficulty in the study of the properties 
of )3-rays follows from the fact that radioactive substances 
usually do not emit homogeneous d-rays but have a more 
complicated energy spectrum, which may consist either of 
homogeneous lines or of a continuous distribution, or of 
both. It is interesting to observe that the highly inhomo- 
geneous disintegration electrons of the radioactive sub- 
stances (see Chapter IV, section 7) show an absorption 
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which is almost exactly exponential up to a certain thickness 
of matter. This is, however, only a fortuitous result of the 
initial energy distribution, of the scattering effect, and of 
the true range-energy relation. 

7. Stopping of fast electrons by ionization. For the 
reasons discussed in the preceding section, the experimental 
data on the energy loss of electrons in matter are not so 
accurate as those concerning the a-particles and sometimes 
are not easy to interpret. When an absorption curve of the 
d-rays in matter is measured, the results depend so largely 
upon the geometrical conditions of the experiment that it is 
difl&eult to ascertain the essential characteristics of the 
phenomenon. 

When an initially homogeneous beam of /3-rays traverses 
a certain thickness of matter, it emerges with a more or less 
complicated energy distribution, whose maximum is dis- 
placed toward lower energies with increasing thickness. 
Some idea of the order of magnitude of the straggling of the 
energy produced under these conditions may be obtained 
from Figure 14, which represents the results of measurements 
made by White and Millington. 


1677 



Figure 14. Energy Loss of Electrons in Matter. 

After traversing thicknesses of mica of 2.25, 2.65, 3.95, 
and 5.72 mg./cm-, respectively, a beam of jS-rays initially 
homogeneous (Hp = 1,677; vjc = 0.703), as analyzed by 
means of a magnetic spectrograph, showed the energy dis- 
tributions indicated by curves I, 11, III, and IV. Since 
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an energy loss has no definite meaning without further 
specifications, we shall have to employ a better-defined 
quantity — for example, the most probable, or the average, 
energy loss. 

Part of this straggling of the energy loss is due, as in the 
case of a-particles, to statistical fluctuations in the number 
of impacts and in the energy lost in each collision; however, 
a larger fraction of the straggling depends upon the fact that 
the paths of the electrons are not straight, and therefore 
electrons emerging from a layer of matter have had different 
lengths of path in the substance^ 

The following empirical formulae are found to give ap- 
proximate values of the most probable energy loss for 
aluminum (the most accurately investigated substance at 
the present time) : 


For 0.1 O < 0.6: = ^ 

dx 0^ 


(in, 18) 


For 0 > 0.7: 


dV SOOmc^ d0 

dz e (1 — 0'^y'- dx 

= constant = 4.56 TO® (III, 19) 


From these formulae, with the considerations found in 
section 1 of this chapter, we can obtain the range as a func- 
tion of the energy. For the energy interval in which for- 
mula (III, 18) holds, the range is proportional to the fourth 
power of the velocity; whereas, for very high energies, 
formula (III, 19) gives a range proportional to the energy. 

For slow and fast electrons, the range in aluminum, de- 
fined in a manner similar to that for the extrapolated range 
for a-particles, is shown in Figures 15 and 16 (page 68). 

As far as the stopping power of different substances is 
concerned, it is found, as for the a-particle, that the mass 
stopping power is somewhat higher for light than for heavy 
elements. 

If we assume the mean energy spent in the production of 
an ion pair to be a constant for each substance, the number 
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of ion pairs produced by an electron can be deduced ap- 
proximately from the energy loss. At low velocities the 
specific ionization is inversely proportional to the square of 



Figure 15. Range of Slow Electrons in Aluminum. 
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the velocity. This law holds fairly accurately for values of 
Hp lying between 1,000 and 6,000, the corresponding num- 
ber of ion pairs per centimeter in standard air varying be- 
tween 200 and 45. The energy spent in the production of 
an ion pair is about the same as that for the a-particle. 

It has also been possible to determine the primary ioniza- 
tion, which varies with the velocity more slowly than does 
the total ionization and, for vjc larger than 0.9, approxi- 
mates a constant value that is about 25 ions per centimeter 
in standard air. 

We shall now discuss briefly, from the theoretical stand- 
point, the absorption of electrons in matter. Most of the 
considerations discussed in connection with the a-particle 
still hold in the present case; the main differences arise when 
the velocity of the electron approaches the velocity of light. 
As the field of the moving particle depends only upon the 
electric charge and the velocity (and the latter, for increas- 
ing energy, tends to a constant value), it follows that for 
electrons of energies of the order of mc^ the specific ioniza- 
tion no longer decreases; moreover, for a relativistic effect, 
it reaches a rather flat minimum and then increases again 
with increasing energy. 

A complete relativistic formula has been given by Bethe,^® 
and is a generalization of the non-relativistic formula (III, 
14). As in that case, the effect of the binding of the elec- 
trons in the atoms is expressed by means of a sum over all 
possible transitions. The sum can be evaluated by Bloch’s 
method, as discussed in section 5 of this chapter. The 
final result for the probable energy loss can be expressed in 
the form: 

_ ( dT\ ^ 27re*NZ 
V / ioniz. WIV" 

xj^21og^-log(l - /32) - (in, 20) 

where I is an average ionization potential of the atom which 
Bethe, l.c. 
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can be considered equal to 1S.5Z EV, and Z is the atomic 
number of the element. 

Formula (III, 20) expresses satisfactorily the energy loss 
as a function of the energy of the electron and of the atomic 
number of the element. The empirical formulae (III, 18) 
and (III, 19) can be deduced from it as approximations valid 
in the specified ranges of energy. For very high energies 
(r» mc^), Bethe gives the slightly different and simpler 
formula: 


/^\ 2TeWZ _T* 

y dx / ioniz. vic^ 2??zc“/ 


(III, 21) 


Figure 17 shows the average energy loss of fast electrons 
in water and lead, calculated from formula (III, 20) for 



Figure 17. Energy Loss of Fast Electrons by Ionization and Radiation. 

energies between 10^ and 10^® EV. It is seen that, for high 
energies, the stopping power increases very slowly and is a 
linear function of the logarithm of the energy. The average 
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energy loss by radiation (see section 8 of this chapter), as 
well as the energy loss of fast protons in water, is also 
plotted on the same scale for comparison. 

The experiments of Anderson and Neddermeyer (see 
section 8), on the energy loss of fast particles of cosmic ray 
origin in passing through lead, show approximate agreement 
with Bethe’s formula up to energies of several hundred 
MEV, although it is difficult to ascertain what part of the 
total energy loss is due to ionization and what part to radia- 
tive collisions. 

Also, for these high energies the mass stopping power is 
not very sensitive to the atomic weight of the substance, 
as can be seen from the two curves in the diagram referring 
to water and lead (Figure 17). The mass stopping power 
can thus be considered, to a certain extent, independently 
of the material concerned. This observation does not hold 
for the energy loss due to radiative collisions. 

8. Radiative collisions of fast electrons with nuclei. The 
energy loss of electrons by radiation in passing through the 
electric field of a nucleus, although easily observed even for 
rather low velocities (emission of the continuous X-ray 
spectrum, or Bremsstrahlung), represents an appreciable 
fraction of the total energy loss only for energies of several 
MEV or higher. 

A treatment of these processes, on the basis of quantum 
electrodynamics, has been given recently by Bethe and 
Heitler.^® The main results of the calculations are the 
following. 

If an electron of initial energy T traverses a material of 
atomic number Z containing N atoms per unit volume, then 
the average energy loss by radiative collisions per unit path 
is giyen by : 



= NTZ'^HT) 


(III, 22) 


Anderson and Neddermeyer, Internat. Conf. on Phys., London (1934). 
Bethe and Heitler, Proo. Roy. Soc., 146, 83 (1934); Nordheim, Phys. 
Rev., 49, 189 (1936). 
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where ^{T) is (disregarding the screening effect of the outer 
electrons on the nuclear charge) a function which does not 
depend upon Z and which can be evaluated numerically. 
Since $ is a very slowly varying function of its argument 
(precisely a linear function of the logarithm of the energy), 
the energy loss by radiation is roughly proportional to the 
initial energy and to the square of the atomic number. 
Thus the ratio of radiation energy loss to collision energy 
loss increases rapidly with increasing atomic number, and 
for the radiative loss we cannot consider a universal mass 
absorption coefficient, even to a first approximation. The 
effect of screening reduces the value of the function # for 
very high energies, the effect being greater for heavier than 
for lighter elements. 

The ratio of radiation to ionization energy loss is given 
roughly by the simple formula : 



In Figure 17 we plotted the calculated average energy loss 
by radiation in water and lead so that it could be compared 
with the energy loss by ionization. The energy loss by 
radiation is due mainly to a small number of impacts, in 
each one of which a large fraction of the total energy of the 
electron is radiated. Therefore the actual energy loss may 
differ considerably from the average loss indicated in the 
diagram. This straggling effect has also been calculated by 
Bethe and Heitler. 

The comparison with experiments now available is pro- 
vided by Anderson and Neddermeyer’s experiments of the 
stopping in lead of electrons produced in cosmic ray showers 
(see Chapter VII) . The initial energy of these particles was 
of the order of 100 to 300 MEV. It was observed that the 
energy loss in one centimeter of lead presented a large 
straggling and sometimes was as high as 100 MEV, whereas 
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the energy loss by ionization is expected to contribute only 
15 to 20 MEV. The excess is probably due to radiative 
collisions. However, the probability of these collisions is 
much smaller than the result obtained by the Bethe-Heitler 
theory, which gives, under those conditions, an average 
energy loss of about 500 MEV. 

It is now generally admitted that Dirac’s relativistic 
theory is no longer valid when the kinetic energy of the 
electron becomes of the order of 137 times the self-energy 
mx?. In the above-mentioned case of radiative collisions 
we have one of the outstanding examples of this fact. The 
general evidence from cosmic ray particles (see Chapter 
VII) seems to suggest that the present theory of radiative 
collisions holds for energies which are not too high; but that 
the energy loss by radiation starts to fall below the predicted 
value as the energy approaches ISTmc^, and finally, instead 
of increasing indefinitely, reaches a maximum and then 
decreases again. Otherwise, it would appear impossible 
to explain the long ranges observed for cosmic ray particles. 

There is also another mechanism by which fast electrons 
can interact with matter — ^the formation of positron-elec- 
tron pairs in the field of a nucleus. This process has, up to 
the present time, been only slightly investigated, but is of 
importance only in the region of very high energies. 

9. Scattering of electrons by nuclei. To indicate the im- 
portance of scattering, in the case of electrons, it is sufficient 
to say that, when a beam of ;8-rays falls on a thick metal 
sheet, a fraction of the electrons (between in the case of 
light elements, and y% in the case of heavy elements) are 
reflected irregularly by the surface. That is, they are sub- 
ject to a deflection through an angle larger than 90°, ac- 
companied by a smaller or larger energy loss. 

In order to investigate the scattering process under well- 
defined conditions, we must be certain that only single 
scattering occurs. This will happen when the scattering 
layer is so thin that the probability of an electron’s being 
scattered through the angle in question by more than one 
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elementary process is negligible as compared with the prob- 
ability that the deflection will occur in a single collision. 

Wentzel has given the following criterion to insure single 
scattering : Let us consider an angle 6m such that a particle, 
in the assumed thickness of material Ax, is subject, on the 
average, to two deflections larger than Then we can 
safely assume that only single scattering will be effective for 
angles larger than 40^. 

The scattering of jS-rays can take place by impact both 
with nuclei and with electrons. For non-relativistic veloc- 
ities, the Rutherford formula still holds. In the relativistic 
case, the theory has been given by Mott. The final formula 
which replaces formula (III, 6) in the case of the impact of 
an electron against a nucleus of charge Ze is : 

r , 

VI 2 

— ^ + — e (in, 23) 

sin'* - sin^ - sin^ - 

where 

2x6^ 1 

he ~ 137 

is the fine structure constant and where we have disregarded 
terms containing higher powers of a, which, though not im- 
portant for light nuclei, may not be negligible for heavy 
nuclei. 

An experimental check of formula (III, 23) is made diffi- 
cult by the disturbances due to multiple scattering; by the 
screening effect of the electrons, which decreases the effec- 
tive value of the nuclear charge ; and by the scattering due 
to electron impacts. For all these reasons the experimental 
data are not very accurate. Even less is known about 
collisions in which the scattering is accompanied by the 
emission of radiation. 

10. Resonance phenomenon in the collision of two iden- 
tical particles. If we consider the scattering due to elec- 
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irons, we find the results varying according to whether the 
problem is treated by classical mechanics or quantum me- 
chanics. From the classical point of view, since it is im- 
possible to distinguish the incident electron from the elec- 
tron which was initially at rest, in order to obtain the num- 
ber of electrons scattered through a certain angle 6 we must 
add the number of colliding electrons to the number of 
struck electrons scattered under the same angle. Thus we 
obtain the formula: 


n(d) = UaZN ( cos 6 f -1- ^ ^ (III, 24) 

V ™ / V ® COS'* 6 J ' 


The result given by quantum mechanics is different, be- 
cause the Heisenberg resonance phenomenon, which occurs 
in the interaction of two identical particles, alters the distri- 
bution of the scattered electrons. The Schroedinger wave, 
which represents the incident electron, and the other wave, 
which represents the struck electron, interfere with each 
other. Consequently the square of the probability ampli- 
tude (which measures the probability for a particle to be 
scattered through a certain angle) is not equal to the sum 
of the squares of the probability amplitudes of the two 
waves. Formula (III, 24) is then replaced, in a non-rela- 
tivistic approximation, by the formula given by Mott : 


n{&) = noZN 
1 


Y 

\ mv"^ / 


cos 9 


X 


sin^ 9 cos* 


1 


sin- 6 cos^ 


CCS (u log tan^ 6 ) 


2 re- c 
hv 137d 


(m, 25 ) 


where the deviation from the classical expression consists 
in the addition of the last term within the square bracket. 
This term, for example, reduces the scattered intensity to 
half the classical value for an angle of 45°. 


> Mott, Proc. Roy. Soc,, 125, 222 and 126, 259 (1929). 
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Because of certain diflSculties, discussed earlier in this 
chapter, an experimental check of the above quantum- 
mechanical correction of the classical formula has not been 
made. However, the resonance effect for the collision of 
two identical particles has been verified in the case of colli- 
sion between a-particles and helium nuclei. The corre- 
sponding quantum-mechanical formula is somewhat differ- 
ent, because the a-particles satisfy the Bose statistics, in- 
stead of the Fermi statistics, and have no spin. This 
formula is: 


/ 8e2 \2 

n{e) = noN cos 6 

r 1 12 

X H 77 + . COS (u log tan^ 6) 

L srn^ d cos^ 8 sin^ 8 cos^ 0 ^ ® 

27r(2e)2 4c 
“ ' hv 137?; 


(Ill, 26) 


For example, at an angle of 45°, the scattered intensity is 
in this case twice the classical value. This result has been 
confirmed experimentally through investigations made by 
Chadwick with an electrical counting method, and by 
Blackett and Champion with the cloud chamber. For the 
scattering of a-particles in helium, see also Chapter VI, 
section 4. 

11. General remarks on Y-rays. We use the term y-rays 
to include all electromagnetic radiations emitted by radio- 
active substances. 

The spectral region occupied by these radiations extends 
from the soft X-ray region up to very short wave lengths of 
the order of a few X-units. To characterize a y-ray, we 
state its frequency v, or the energy of the quantum hv, 
which may be expressed in ergs, in electron-volts, or in me- 
units; or its wave length, which is usually expressed in 
X-units (1 X-unit = 10“^^ cm.). 

The y-ray spectra of the radioelements always consist of 
sharp lines. These will be described in Chapter IV. 
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The 7 -rays interact with naatter and give rise to various 
phenomena, many of which have been carefully investigated 
by the use of artificially produced X-rays. We shall limit 
our discussion to a detailed description only of those effects 
which assume special importance in the region of very high 
frequencies. 

The interaction of 7 -rays with matter is mainly an inter- 
action with the electrons; in this we can distinguish three 
essentially different types of phenomena: the photoelectric 
effect, the scattering, and the creation of positron-electron 
pairs. 

In the photoelectric effect, which can be interpreted only 
in terms of the quantum theory, a quantum hv transfers its 
total energy to an electron of an outer shell of an atom. 
This electron is ejected with a kinetic energy T given by: 

T ==hv-Wi 

where Wi is the energy necessary to ionize the atom in the 
corresponding quantum level. The energies W i are given 
immediately, for the different electron shells, by the K, Li, 
Li, Lz • • ■ absorption limits of the X-rays. 

It is important to observe that one of the necessary condi- 
tions for the photoelectric effect is the following: the elec- 
tron must be bound to the nucleus, which takes up the 
momentum necessary for the conservation of momentum 
and energy. Free electrons cannot give rise to a photo- 
electric effect because there is then no possibility of satis- 
fying these conservation conditions. The reason is im- 
mediately apparent from the fact that the relation T = hv 
would completely determine the velocity of the electron and 
there would be no means of satisfying the momentum 
conservation. 

However, the phenomenon of scattering can also occur 
with free electrons, and is a classical effect which is merely 
modified by the quantum theory. Classically, a free elec- 
tron is set in motion by the electric field of the incident 
radiation and becomes a center of emission of spherical 
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waves of the same frequency as the incident waves. The 
same phenomenon can be described in terms of the quantum 
theory. 

A photon of energy hv collides with an electron, initially 
at rest, and is deflected from its initial direction. In this 
process, since the photon transfers a certain momentum 
and consequently a certain energy to the electron, the 
scattered quantum will have a smaller energy than the in- 
cident quantum. Scattering will, therefore, always be as- 
sociated with a frequency shift (the Compton effect). In 
the case of bound electrons, besides this scattering of modi- 
fied frequency, there occurs also a scattering of unmodified 
frequency, which is responsible for the interference of 
X-rays in crystals. This interference could not take place 
if the scattered radiation were not coherent. With in- 
creasing frequency this unmodified scattered radiation be- 
comes less important and is detectable only under very small 
angles. 

The absorption of y-rays in matter is due partly to the 
photoelectric effect, partly to scattering, and partly to pair 
formation (see section 14 of this chapter). The relative 
importance of these three processes depends upon the en- 
ergy of the quantum and the atomic number of the absorb- 
ing element. 

The investigation of y-rays from the standpoint of their 
spectral composition is nearly always done by means of their 
secondary photoelectrons, often generated within the very 
atom which emits the y-ray. (For a discussion of internal 
conversion, see Chapter IV, section 4.) The measurements 
of the frequencies thus obtained are much more accurate 
than those which could be deduced from the diffraction of 
the y-rays in crystals. 

The investigation of the absorption and scattering of 
y-rays is complicated by the difficulty of separating the two 
types of phenomena. If we try to measure the absorption 
coefficient of a y-radiation in a given substance, we obtain 
data which, especially in the case of high frequencies, depend 
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largely upon geometrical conditions, according to the frac- 
tion of the scattered radiation that is detected. The ab- 
sorption of a monochromatic radiation in a substance is 
exponential, with an absorption coefficient characteristic of 
the frequency and of the substance. This result, however, 
is observed experimentally only when the effect of the scat- 
tered radiation is negligible — a condition satisfied only if the 
absorbed beam is approximately parallel. 

12. Scattering of y-rays. The change in frequency which 
takes place when a photon is scattered by a free electron 
can be calculated immediately from the equations expressing 
the conservation of energy and momentum. 

Let hv be the energy of the incident quantum and hv' 
the energy of the scattered quantum, 6 the angle of scatter- 
ing of the photon, the angle of scattering of the electron 
(see Figure 18). 



Figure 18. Conseryation of Momentum in the Compton Effect. 


We can then write the equations: 


hv = hv' + mc^ 

f 1 

. 



hv hv' . 

mv 

= cos 

_ = — cos ^ + 

Vi - 

c c 

i3- 

^ hv' . « , 

mv 

= sin # 

0 = — sin 0 + 

Vi- 

c 



from which, for a given value of 0, we can deduce the values 
of v\ and 13. 

From the same relations it follows that the wave length 
X' of the scattered quantum is related to the wave length X 



80 


Interaction of Radiations with Matter 


of the incident quantuna and to the angle 0 through the 
well-known formula of Compton and Debye : 

V - X = A (1 _ cos 0) = 24.17(1 - cos e) XU (HI, 27) 
me 

This relation states that the increase in wave length for the 
radiation scattered through a given angle is independent of 
the initial wave length. The universal constant hime 
= 24.17 XU is called the Compton wave length. The 
Compton effect assumes great importance in the case of 
high frequency radiation, since a radiation of however small 
an initial wave length acquires, in a single scattering process, 
a wave length which is of the order of magnitude of the 
Compton wave length. 

This scattering theory has been verified experimentally, 
not only so far as the frequency shift is concerned, but also in 
connection with the simultaneous occurrence of a scattered 
quantum and a recoil electron. The experiment was per- 
formed by Bothe and Geiger with coincidence counters, and 
by Compton and Simon with the cloud chamber.^^ 

To measure the scattering intensity, it is convenient to de- 
fine the scattering coefficient ^soatt. of a material through the 
relation ; 

dl _ 

Mscatt. 

where I is the intensity of a parallel beam which is propa- 
gated in the medium in a direction x. In our case of the 
Compton effect, the coefficient juacatt. corresponds partly to 
true absorption (as a fraction of the energy is taken up by 
the electrons) and partly to scattering. 

The scattering coefficient can be calculated very simply 
from the standpoint of the classical theory. Let us con- 
sider a free electron in the variable field of an electromag- 
netic wave, where the electric intensity is polarized in the 
direction x and has a magnitude 

E sin (Jit 

” See Bohr, Nature, 138, 25 (1936). 
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The equation of motion of the electron will be : 


771X = eE sin coif 


The energy radiated per unit time is given by a fundamental 
formula of the electromagnetic theory, which can be 
written : 


2e2 

3c3 




2 

3c^ m- 


sin- at 


and its time average is: 




_L tE. 

3c* m- 


If our medium contains N electrons per cm^ the energy 
scattered per unit time by a unit volume will be A'^P'scatt.- 
The mean energy incident per unit surface is given by 


The scattering coefficient is equal to the ratio 
and consequently is given by: 


Sir 


Mscatt. — n 


3 m-c* 


N 


(HI, 28) 


which is the classical formula of Thomson. It will be 
noticed that the scattering coefficient is independent of the 
frequency. 

If we refer the scattering coefficient to a single electron, 
by writing 

Mscatt. 

^scatt* -XT 


this, in the classical theory, is a universal constant: 

<r.cau. = 6.62- 10-25 cni2 

We may also express the relation by saying that o-scatt. is 
the effective cross-section for the collision between a photon 
and an electron. In the classical theory, the scattered 
radiation has the same frequency as the incident radiation. 
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Therefore we must expect the Thomson formula to repre- 
sent a good approximation for low frequencies, when the 
relative frequency change in the scattering process is very 
small. We must expect the classical formula to deviate 
from experiment more and more with increasing frequency, 
and to become completely inadequate when the frequency 
shift is of the same order of magnitude as the frequency 
itself. This happens when the velocity acquired by the 
recoil electron is comparable to the velocity of light. 

A satisfactory quantum-mechanical formula has been 
given by Klein and Nishina on the basis of Dirac’s relati- 
vistic theory of the electron. Since this calculation of the 
scattering coefficient is rather complicated, we shall give 
only the final result. We merely note a general feature of 
the scattering process in the quantum theory. 

The scattering system, initially in a certain quantum state 
i, is left after the process either in the same quantum state 
(scattering of unmodified frequency) or in a different quan- 
tum state k (modified scattering, Compton effect, or Raman 
effect) . This passage from state i to state k can be formally 
interpreted as a double process, consisting of a transition 
from the initial state i to an intermediate state I, and subse- 
quently from state I to state k. This interpretation is sug- 
gested by the fact that the probability of a scattering process 
which brings the system from state i to state k is expressed 
by means of products of the transition probabilities (i, 1) 
and {I, k). Therefore, if no third state I exists which com- 
bines, in the spectroscopic sense of the word, both with i 
and with k, no scattering transition from i to k can occur. / 

Now if we turn to the particular case of the scattering of 
a quantum by a relativistic electron, we find that the 
Hamiltonian function of the Dirac theory is such that the 
scattering of a photon associated with the transition of the 
free electron between two quantum states is possible only 
through intermediate transitions to states of negative en- 
ergy. Therefore these levels, which for some time were con- 
sidered devoid of any physical significance, are now deemed 
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essential for the existence of a scattering. (See section 14 
of this chapter.) 

According to the Klein-Nishina formula, the scattering 
coefficient per electron Csoatt. is: 


O' scatt. 


27rS^ 1 [ 2(1 -f- oj) 

_ w* [1+26) 


- - log (1 + 2oj) 


where 


+ ^ log (1 + 2 £d) 


1 + 3co 
(1 + 26 ))- 


hv 


(in, 29) 


In the limiting case where 6) 0, this formula becomes 

identical with the classical Thomson formula; whereas, for 
energies that are large compared with the self-energy of the 
electron, it reduces to the simple form: 


C^scatt. 


Tre^ 

m^c‘ 


;^ + - log 2co 

CO 


(in, 30 ) 


In this approximation the scattering coefficient is, roughly, 
inversely proportional to the frequency. 

The scattering coefficient according to Klein and Nishina 
is represented in the diagram of Figure 19 (page 84). 

The angular distribution of the scattered radiation is 
given by the following expression: 


j- _ j 1 + cos^ 9 

” 2mV {1 + 6)(1 — cos 6] 

+(i - cos ey- 

(1 + COS^ ^)(1 + 6)[1 — cos si) 

where J is the energy scattered per unit solid angle at the 
angle S, and Jo is the intensity of the incident beam. The 
relations deduced from energy and momentum conservation 
enable us to calculate, as functions of the angle, the number 
of scattered quanta and the number of recoil electrons. 

In order to compare the experimental results with the 
Klein-Nishina formula, we must be sure that the electrons 



84 


Interaction of Radiations with Matter 


contained in the substance can be considered practically free 
and, further, that the absorption due to other processes is 
negligible (or if not, that it can be taken into account). 
For light elements and for -y-rays of energy of the order of 
one MEV, these conditions are certainly fulfilled, as the 
binding energy of the electron is negligible compared with 
the energy of the incident quantum, and the photoelectric 
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Figure 19. Scattering Coefficient per Electron According to Klein and Nishina. 
The photoelectric absorption coefficient in copper and lead is shown for comparison. 


absorption can be disregarded. (See section 13 of this 
chapter.) The most accurate measurements have been 
made with a y-line of Th C" of 4.67 XU, corresponding to 
2.62 MEV, and have given for light elements (for example, 
C, N, and 0) a scattering coefficient very close to the 
theoretical value for the corresponding frequency, which is 
1.23' 10-25 cm2. 

Meitner and Hupfeld, Z. Phys., 67, 147 (1931); Gentiier, Journ. de Phys., 
6, 274 (1935); Gentner and Starkievicz, ihid.^ 6, 340 (1935). 
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However, in heavy elements the absorption coefficient for 
7 -rays of the same frequency is up to 50 per cent higher than 
the Klein-Nishina scattering coefficient. It appears that 
the photoelectric effect and the coherent scattering due to 
bound electrons cannot give a total effect higher than ap- 
proximately 15 per cent of the Klein-Nishina absorption. 
Therefore the additional absorption must be due to another 
process. (For a discussion of pair production, see section 
14 of this chapter.) 

The scattered radiation has been investigated directly; 
however, because of experimental difficulties, the results of 
the different experimenters do not show very close agree- 
ment. In the case of heavy elements, the scattered radia- 
tion certainly contains harder components than the Comp- 
ton radiation. This additional scattered radiation is 
probably a secondary radiation resulting from pair annihi- 
lation (see section 14). 

13. Photoelectric effect and absorption of y-rays. We 

have seen in the preceding section that, for light elements 
and high frequencies, the absorption of y-rays is almost 
completely due to the effect of scattering. At the other ex- 
treme, for heavy elements and soft radiation, almost all the 
absorption is due to the photoelectric effect. In an inter- 
mediate region the two phenomena have comparable intensi- 
ties. Consequently no simple formula can express the total 
absorption coefficient for all substances and frequencies. 

The atomic photoelectric absorption coefficient, which we 
shall denote by Tphot., can be expressed as a sum of the ab- 
sorption coefficients tx, • • •, which represent the contribu- 
tion of the different electron shells K, L, and so on. Each 
one of these coefficients is zero for frequencies smaller than 
the corresponding ionization limit, and for frequencies 
above this limit each decreases approximately as 1/V^ For 
frequencies higher than the K ionization limit, the photo- 
electric absorption coefficient is given approximately by the 
formula : 

Tphot. = 48.6 
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Table 6 gives the experimental values of the total mass 
absorption coefficient in the X-ray region, where these data 
have been accurately determined. 


Table 6 

TOTAL MASS ABSORPTION COEFFICIENT m/p IN VARIOUS 
ELEMENTS, IN cmVgr. 


xA 

c 

A1 

Cu 

Ag 

Pb 

0.1 

0.16 

0.16 

0.36 

1.4 

3.8 

0.2 

0.16 

0.28 

1.5 

5.6 1 

4.9 

0.3 

0.19 

0.47 

4.3 

17 

14 

0.4 

0.25 

1.1 

9.8 

38 

31 

0.5 

0.35 

2.0 

19 

11 

54 


For shorter wave lengths, the data on the photoelectric 
absorption are not very accurate, as most of the absorption 
is due to scattering. For the relativistic case, a theoretical 
treatment has been given by Sauter and Hulme. The 
formula for the absorption coefficient is then of the form: 

/la® 

Tphot. = = 1.16 X 10-23XZ® (HI, 31) 

irmc ' 

where only the effect of the K shell has been considered. 
The contribution of the L shell is about one-fifth of the 
contribution of the K shell. 

According to formula (III, 31), the photoelectric absorp- 
tion does not decrease very rapidly with increasing fre- 
quency; instead, for heavy elements it remains important 
up to very high energies. For example, for the 7-radiation 
of 2.62 MEV of Th C", the photoelectric absorption in lead 
appears to be still about 15 per cent of the absorption due to 
scattering (see Figure 19) . 

Other results on the photoelectric effect can be obtained 
through an investigation of the photoelectrons, which can 
be done by means of a magnetic spectrograph or with the 
cloud chamber. A measurement of the relative number of 

See Hulme, McDougall, Buckingham, and Fowler, Proc. Roy. Soe., 149, 
131 (1935). 
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electrons emitted from the various shells enables us to deter- 
mine how the total absorption coefficient is to be diwded 
among the different shells. 

Another process connected with the photoelectric effect 
is the secondary emission of characteristic X-rays. If an 
atom has been photo-ionized, for example, in the K shell, 
the empty place is filled up at once by an electron from an 
outer shell (L, M, and so on), the process being accompanied 
by the emission of a quantum of characteristic K radiation. 
Similarly, a photoelectric effect in the L shell is followed by 
an emission of characteristic L radiation. In such cases we 
have fluorescent radiation. The X-ray quantum can also be 
converted in another electron shell of the same atom, leading 
to the emission of a new photoelectron (Auger effect). 

A measurement of the intensity of these fluorescent X-ray 
lines gives another method for determining the probability 
of the photoelectric process in the various shells. 

Likewise, the angular distribution of the photoelectrons 
has been investigated, chiefly with the cloud chamber. The 
most interesting result found is that the distribution of the 
photoelectrons, which for small energies of the incident 
quantum is symmetrical with respect to a plane normal to 
the beam, becomes with increasing frequencies predominant 
in the forward direction. 

As the experiments have always been done by means of 
non-polarized 7 -rays, the azimuthal distribution of the 
photoelectrons (the distribution on the different planes 
through the primary beam) has been found to be uniform; 
whereas, in the ease of a polarized radiation, the theory 
predicts a preferred emission in the azimuth of the electric 
vector. If we indicate by <p the azimuth of the photoelec- 
tron with respect to the electric vector, and by d the angle 
with the direction of the incident beam, an approximate 
relativistic formula for the number of photoelectrons 
emitted per unit solid angle is: 

sin- 6 sin- 


(1 — jS cos 


(III, 32) 



88 


Interaction of Radiations with Matter 


Because of the presence of Compton electrons, a quantita- 
tive comparison with experiment is not easy, but the quali- 
tative form of the distribution predicted by the theory is 
certainly correct. 

The internal photoelectric effect (the conversion of the 
7 -quantum in an electron shell of the emitting atom) will be 
considered at length in sections 4 and 5 of Chapter IV. 

14 . Creation and annihilation of positron-electron pairs. 
The 7 -rays interact with matter also through a typically 
quantum-mechanical phenomenon which has no classical 
analogy — ^that is, the creation of positron-electron pairs. 
Before we describe the experimental facts, it will be con- 
venient to recall some consequences of Dirac’s relativistic 
theory of the electron.-® 

Dirac was able to show that a relativistic wave equation 
for the electron could be obtained only if it was assumed 
possible for the electron to exist in two different sets of 
quantum states, one of positive energy (including the self- 
energy), and the other of negative energy. More precisely, 
it was found that the possible eigenvalues for the energy of 
the free electron were either higher than mc^ or lower than 
— mc^, whereas no possible energies for the electron existed 
between these two limits. This state of affairs is shown in 
Figure 20, where the shaded regions are those in which 
eigenvalues exist. 


-h me 2 




Figure 20. Energy Levels of the Relativistic Electron. 

Bee Heitler, The Quantum Theory of Radiation, Oxford (1936). 
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Electrons in states of positive energy behave in the usual 
manner of electrons that we ordinarily observe, whereas 
electrons in states of negative energy should show very 
peculiar properties which do not correspond to any experi- 
mental fact. For this reason, several attempts were made 
to consider the states of negative energy of the electron 
merely as a mathematical fiction, and to attribute a physical 
significance to the states of positive energy only. However, 
this conclusion would be possible only if no transitions be- 
tween states of positive and states of negative energy oc- 
curred — an assumption which is not true in Dirac’s theory. 

We have already seen that the scattering of photons by 
free electrons is related to the existence of the states of nega- 
tive energy, which act as intermediate states. Further, a 
free electron, initially in a state of positive energy, should 
fall into a state of negative energy by the emission of two 
quanta of radiation. (The process with the emission of one 
quantum cannot take place because the energy and mo- 
mentum conservation cannot be fulfilled.) Dirac’s theory 
gives an infinitely large transition probability for the process ; 
consequently, electrons in positive energy states should not 
exist at all. 

Dirac avoided this difiiculty by assuming that the states 
of negative energy had a physical meaning, but that all of 
them usually were occupied, in the sense of Pauli’s principle. 
Since there are an infinite number of states of negative en- 
ergy, even in a finite volume, we must admit an infinite 
density of electrons in negative energy states in all space. 
Let us assume that the number of electrons existing in the 
universe is slightly higher than the number of available 
negative energy states. (Of course, this statement must 
be made more precise, as both numbers are infinite.) Then, 
electrons which have found no place in the states of negative 
energy will have to fill states of positive energy; these, ac- 
cording to Dirac, are the electrons which we usually observe. 

It must be admitted that the existence of an infinite den- 
sity of electrons in space is a rather unsatisfactory hypothesis. 
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since special assumptions have to be made in order to ex- 
plain how this distribution does not produce any physical 
effects. However, the necessity of assuming an infinite 
density is probably due merely to the provisional form of the 
relativistic theory. 

Let us now assume that one electron is missing in the 
distribution of negative energy states. The empty state 
will manifest itself as a particle of positive energy and pdsi- 
tive charge , since a particle of negative energy and charge 
is absent. This empty place, or Dirac hole, behaves conse- 
quently as a normal particle would. Dirac first proposed 
the hypothesis that it represented a proton. However, 
this assumption had to be discarded, as it would explain 
neither the difference in mass of the proton and the electron, 
nor the stable existence of the proton. After the experi- 
mental discovery of the positron, this particle was identified 
with the Dirac hole. 

In an investigation of cosmic rays by means of the 
cloud chamber, Anderson first observed tracks of par- 
ticles of positive electric charge and electronic mass. 
Blackett and Occhialini,^ by further experiments, showed 
that the cosmic rays interacted with matter and gave rise to 
showers of particles, which consisted of electrons and posi- 
trons in about equal number. Later, various investigators 
(Anderson and Neddermeyer,^® Meitner and Philipp,^^ 
Blackett and Occhialini independently observed that 
positrons could also be produced by irradiating heavy ele- 
ments with hard 7 -rays from radioactive substances. 

In terms of Dirac’s theory, the production of a positron is 
interpreted as follows. A photon of energy higher than 
2mc‘‘ can raise an electron from a state of negative energy 
to a state of positive energy, the phenomenon appearing as 

Anderson, Phys. Rev., 43, 491 (1933). 

22 Blackett and Occhialini, Proc. Roy. Soe., 139, 699 (1933). 

23 Anderson, Science, 77, 432 (1933). 

2^ Meitner and Philipp, Naturw., 21, 286 (1933). 

23 Chadwick, Blackett, and Occhialini, Proc. Roy. Soc., 144, 235 (1934); 
Curie and Joliot, C. R., 196, 1581 (1933). 
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the creation of a pair of particles, or the materialization of a 
Y-quantum. This process, which is a particular type of 
photoelectric effect, camiot take place in empty space, be- 
cause energy and momentum cannot be conserved; but it 
can occur in the electric field in the neighborhood of a 
nucleus, which takes up the extra momentum. 

It must be observed that the number of positrons pro- 
duced increases rapidly with the nuclear charge and also 
with the frequency of the y-quantum. For y-rays of o 
MEV, the ratio of the number of positrons to the number 
of Compton electrons emitted by heavy elements (for 
example, lead) attains a value of about one-third. 

The probability of this process of pair formation has been 
calculated, on the basis of Dirac’s theory, by Oppenheimer 
and Plesset,^® and also by Bethe and Heitler.-' It is found 
that the cross-section Tpair for pair formation between a 
y-quantum and a nucleus cannot be expressed by a simple 
formula valid for the whole energy range, since different 
approximations are needed. Therefore we prefer to give in 
Figure 21 (page 92) a curve of the cross-section rpair as cal- 
culated by Bethe and Heitler. 

As the cross-section is proportional to Z-, we have plotted 
I'pair/.Z^ which is a universal function of the frequency. The 
cross-section at first increases rapidly with the excess of the 
photon energy over 2mc-; then for higher energies it in- 
creases more slowly (linearly with the logarithm of the en- 
ergy). It must be noticed, however, that when hv ~ 137mc' 
the theory is expected to break down exactly as does the 
theory of radiative collisions for fast electrons. 

The fact that the atomic cross-section for pair production 
is proportional to Z'^ and increases with increasing energy — 
whereas the cross-section for Compton scattering is propor- 
tional to the number of electrons, or Z, and decreases with 
increasing energy — has the consequence that the total 

Oppenheimer and Plesset, Phys. Rev., 44, 63 (1933). 

27 Bethe and Heitler, Proc. Roy. Soc., 146, 83 (1934); Jaeger and Hidme, 
ibid., 153 , 443 (1935). 
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cross-section reaches a minimum for a certain frequency, 
which is higher for lighter than for heavier elements, and 
then increases again with increasing frequency. 
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hvfmc^ 

Figure 21. Cross-section for Scattering and Pair Formation "by Gamma Rays. 

« 

This behavior is shown in Figure 21, where the Compton 
scattering, the pair production, and the total cross-sections 
are shown for three elements: A1 (Z = 13), Cu {Z = 29), 

All cross-sections are referred to an atom — that is, the scattering cross- 
section per electron has been multiplied by Z] po = e^/mc^ is the classical 
radius of the electron. 
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Pb (Z = 82) . It is seen that the minimum of the absorption 
coefficient in lead corresponds to 7 -rays of about Qmc-, or 3 
MEV. In aluminum, on the other hand, the minimum 
absorption occurs at about 20 MEV. The fact that Tpair 
depends on means also that for very high energy 7 -rays, 
where pair production is the predominant absorption proc- 
ess, no universal mass absorption coefficient exists. 

Bethe and Heitler have also investigated how the total 
available energy hv — 2me^ is shared by the two particles 
of the pair. This distribution would be symmetrical be- 
tween the positron and the electron, except for a distortion 
due to the fact that, since the positron is repelled and the 
electron attracted by the nucleus, the former particle has an 
average energy somewhat higher than the latter. The 
maximum in the theoretical probability distribution, for 
the limiting case of small Z, corresponds to equal energies 
for the electron and the positron. This maximum becomes 
rather .flat for very high energies. 

These consequences of the theory are, qualitatively at 
least, in agreement with the experiments, but no very accu- 
rate test has yet been made. 

The best experimental results refer to the absorption of 
hard 7 -rays in heavy elements. The work of Chao, 
Meitner and Hupfeld, Gray and Tarrant, Jacobsen, and 
others has shown that the absorption coefficient for hard 
7 -rays (2.6 MEV, or 4.7 XU of Th C") in hea'V'y elements is 
larger than can be accounted for by the Compton scattering 
and photoelectric absorption, and that the additional ab- 
sorption is proportional to Z^. For instance, in lead the 
absorption coefficient per electron is whereas 

the scattering coefficient predicted by the Klein and 
Nishina formula is 1.23 and the contribution of the 
photoelectric effect can be only about 15 per cent of the 
latter. If the theoretical cross-section for pair production 
is added, we find almost exactly the total absorption coeffi- 
cient observed. 

See Gentner, Journ. de Phys., 6, 274 and 340 (1935). 
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Of course, the converse of the pair formation process will 
likewise occur. This effect consists of the annihilation of a 
positron-electron pair in the neighborhood of a nucleus, and 
the production of a -y-quantum whose energy is equal to 
2mc^ plus the sum of the kinetic energies of the two particles 

The theory predicts another type of annihilation process, 
also, consisting of the disappearance of a positron-electron 
pair in empty space with the emission of two -y-quanta. 

The theory of these processes has been given by Fermi and 
Uhlenbeck,^® who have calculated their relative probability. 
The existence of the two-quantum annihilation processes 
determines, for a positron of low velocity in a medium where 
the electron density is JV, the mean life: 


N 


(III, 33) 


The other type of process, which can take place between a 
positron and an electron strongly bound to the nucleus (for 
example, in the K shell), is much less probable, particularly 
at low velocities. 

The 7 -radiation resulting from pair annihilation can be 
observed if we use as a source a positron-emitting radio- 
element. (See Chapter V, section 6.) This radiation seems 
to consist mainly of a component of energy approximately 
equal to mc^. 

15. Considerations on the production of secondary radia- 
tions. The interaction of y-rays with matter constitutes an 
example of a radiation that we may call 'primary, which in 
its passage through matter gives rise to a secondary radia- 
tion of a different nature. (In this case, the secondary 
radiation is a jS-radiation composed of photoelectrons, 
Compton electrons, and positron-electron pairs.) All the 
instruments we may use to detect, or to measure the in- 
tensity of, the 7 -radiation are essentially sensitive, not to 
the 7 -radiation as such, but to its secondary /3-rays. This 


Fermi and IJhlenbeck, Phys. Eev., 44, 510 (1933). 
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is true, for example, whether we use a Geiger-Mueller 
counter or a cloud chamber; in either case we count the 
number of secondary ionizing particles traversing a certain 
volume of gas in a given time. / 

In the following chapters we shah, discuss other cases of 
radiations that are detected only through their secondaries. 
For example, fast neutrons are detected usually through the 
recoil protons which they eject from hydrogenated sub- 
stances; slow neutrons may be detected by means of the 
heavy ionizing particles which they produce as a result of 
nuclear reactions (for example, a-particles from boron). 

In order to determine the best conditions for the detec- 
tion of a certain radiation by means of its secondaries, and 
the efficiency of the detector (what percentage of the im- 
pinging primary corpuscles is registered), it is necessary to 
understand how the intensity of the secondary radiation 
depends upon the thickness of the material in which it is 
produced. We shall consider in detail two simplified cases. 

Case 1. A primary radiation of absorption coefficient jui, 
is converted in the material into a secondary radiation, 
which is also absorbed exponentially with an absorption 
coefficient ^12 > [jli- For simplicity, we assume that the sec- 
ondary radiation is emitted in the direction of the primary. 

Let I be the thickness of the absorbing layer. At a depth 
X the primary radiation of initial intensity 1 0 will be reduced 
to: 

h = 

An amount 

iiilidx = 

will be absorbed between x and x -f dx. According to our 
hypothesis, to this absorbed radiation there corresponds an 
equal number of corpuscles of the secondary radiation, 
emitted also in the x direction. Of these, a number 

will be left over after the corpuscles have traversed the 
residual thickness I — x oi the material. Integrating over 
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X (between 0 and 1), we find for the intensity lo of the 
secondary radiation ; 

h = lo (III, 34) 

M2 — Ml 

This expression first increases with increasing thickness, 
reaches a maximum, and then decreases. After a suflficient 
thickness of the material has been traversed, the second 
exponential term becomes negligible compared with the 
first, and the intensity of the secondary radiation decreases 
with the absorption coefficient mi of the primary radiation; 
in other words, the composition of the radiation emerging 
from the material becomes constant, the ratio of the inten- 
sities of the secondary and primary radiations being 

Ml 

M2 — Ml 

Then an equilibrium has been reached between the primary 
radiation and its secondary. 

If the radiation passes from one medium to another where 
the ratio of the absorption coefficients M2/M1 is not the same, 
then the composition of the radiation changes, until the 
ratio of the secondary to the primary intensity reaches the 
new value characteristic of the second material. This pas- 
sage from one state of equilibrium to another is called a 
transition effect. 

It is interesting to note the analogy between the rela- 
tion of the secondaries to the primaries in a beam, and the 
problem of the growth of a daughter substance from the 
parent, already discussed in section 1 of Chapter II. 

An important example where the above considerations 
can be applied is provided by the production of Compton 
electrons by 7-rays where, instead of a well-defined range, 
the electrons show a roughly exponential absorption by the 
effect of the scattering and the dependence of energy upon 
the angle. We see, then, that the thickness which produces 
the maximum number of electrons is of the order of the 
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reciprocal of the absorption coefficient of the secondary 
/ 3 -rays, and that the efficiency of detection of the y-rays is 
about equal to the ratio of the two absorption coefficients. 

Thus, for instance, 7-rays of 4.7 XU have a juai equal to 
0.1 ; their secondary electrons have an absorption coefficient 
in aluminum of the order of 10. Hence the maximum effi- 
ciency of detection of these 7-rays by means of an aluminum 
counter is of the order of one per cent, and the optimum 
thickness of the wall is about 5 millimeters. The efficiency 
is higher when a heavy element is used, because the ratio of 
the absorption coefficients is then more favorable to the 
electrons. When a 7-radiation passes from a light element 
to a heavy element, we have thus a transition effect, as the 
intensity of the d-radiation in equilibrium with the 7-rays 
is higher in the heavy medium. 

Case %. A primary radiation, absorbed exponentially 
with an absorption coefficient ju, produces secondary ionizing 
particles with a constant range R. The mean free path 
llfj, of the primary is large compared with R. 

This case corresponds to the production of heavy ionizing 
particles by slow neutrons in lithium or boron, or to the 
photodisintegration of the deuteron (see Chapter VI). 

If we detect the radiation by means of its secondary 
products, there is obviously no point in taking a layer of 
material of thickness greater than R ; we shall consequently 
assume I equal to R. The same consideration as in Case 1 
shows that the number of secondary particles produced be- 
tween X and z dx is: 

ill Qe~‘^^dx 


Of these, only the particles that have to traverse a distance 
shorter than R will emerge from the material. If we as- 
sume uniform distribution in angle, the fraction which 
emerges is given simply by: 


X 

m 
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The total number emerging is; 


h 


/Jo r 

2RX 


xe~^^dx 


h 

2 


l^R 


(1 — 


-fiR 


In the assumed case that iJ.R <sc 1, this formula reduces to: 


h 


fj.RIa 


As an example, the mean free path 1/m of the slow neu- 
trons in lithium is 3 mm.; the range (in lithium) of the H® 
particles produced is 0.1 mm. The efficiency of a lithium- 
lined ionization chamber for counting slow neutrons is then 
about 0.8 per cent. 

If the range or the mean free path of the secondary par- 
ticles is larger than that of the primary radiation, then 
obviously the efficiency of detection can approach unity. 
If only the particles ejected in one-half of the total solid 
angle can be detected, the efficiency is only one-half as great. 
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Alpha-, Beta-, and Gamma-Ray Spectra of 
the Natural Radioelements 

1. Geiger-Nuttall law. One of the most striking facts 
about radioactivity is the extraordinary degree of homo- 
geneity of the of-radiation emitted by a given radioelement. 
This characteristic is already evident, to some extent, from 
the approximately constant value of the range. However, 
since homogeneous particles show slightly different ranges 
because of the straggling effect, the high degree of homo- 
geneity of the a-particles is much more clearly shown by 
magnetic deflection experiments. Actually, in numerous 
cases the energy spectrum of a radioelement consists, not 
of a single line, but of many lines each one of which is 
highly monochromatic. On account of the straggling of 
the range, that fact escaped observation for a long time. 
Subsequent sections of this chapter deal with the phenom- 
enon of complexity of the a-radiation. 

Here we shall consider the energy of the main group of 
ce-particles emitted by a certain radioelenient, disregarding 
the above-mentioned structure. When this energy is 
measured for the various radioelements of a single radio- 
active series, it appears at once that there is a definite rela- 
tion between the energy, or the range, of the a-particle arid 
the mean life of the substance. This relation, first estab- 
lished by Geiger and Nuttall, is expressed by the diagram in 
Figure 22 (page 100), where we have plotted as abscissae 
the logarithm of the disintegration constant, and as ordi- 
nates the logarithm of the range of the a-particle. Since the 
experimental points for each radioactive series lie approxi- 
mately on a straight line, we can write the relation: 

log R = AlogX B 
99 


(IV, 1) 
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where A and B are two constants, the first one being 
practically the same for all three radioactive series . A simi- 
lar relation exists, also, between the logarithm of the 
disintegration constant and the logarithm of the energy. 



2. Theory of a-disintegration. We shall first discuss the 
serious difficulties that are encountered when we try to 
explain the phenomenon of a-disintegration from the stand- 
point of the classical theory. These difficulties appear in 
striking form if we compare the spontaneous emission of 
a-particles by a nucleus with the scattering of a-particles 
by the same nucleus. Let us consider, for example, the 
uranium nucleus. 

Rutherford’s scattering experiments show that even the 
fastest a-particles available (those of Th C', whose energy is 
14 -10“® ergs) are unable, even in a head-on collision, to 
penetrate close enough to the nucleus to show departures 
from the Coulomb law. (See Chapter III, section 4.) 
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This observation means that, at least up to a distance of 
3 • 10“^^ cm. from the center of the nucleus, where the poten- 
tial energy U{r) of the a-particle is 14-10“® ergs, this po- 
tential energy is still expressed by the Coulomb formula: 

U{r) = — 
r 

At smaller distances, where the a-particle cannot penetrate, 
we shall certainly find deviations from the Coulomb poten- 
tial, since the nearly stable binding of a-particles in the 
nucleus requires the existence of a potential hole in the 
center of the nucleus. 

The general shape of the function U(r) must therefore be 
the one indicated in Figure 23, where the dotted line repre- 



Figure 23. Potential for the Alpha Particle in the Nucleus. 


sents the Coulomb potential, and the solid line the actual 
potential. The inner part of the curve has been traced 
arbitrarily; but for r > 3 *10”^^ cm., the scattering experi- 
ments show that there is no appreciable departure from the 
Coulomb potential. 
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The uranium nucleus spontaneously emits particles whose 
energy is 6.6-10"® ergs. (This energy is indicated in the 
diagram in Figure 23 . ) It is consequently difficult to under- 
stand how the particles contained in the inside of the nucleus 
can go over a potential barrier which is at least twice as 
high as their total energy. According to the classical 
theory, particles of this energy could originate only from a 
point at a distance of 6 • 10"^^ cm. from the center of the 
nucleus, where the Coulomb potential energy has a value of 
6.6 ■ 10"® ergs. However, in this region there is no possibil- 
ity for the stable binding of an a-particle. In other words, 
we can say that, in the classical model, an a-particle emitted 
by a nucleus should have a kinetic energy corresponding at 
least to the top of the potential barrier. For example, in 
uranium the energy should be higher than 14-10"® ergs. 

This difficulty disappears when we treat the problem 
from the standpoint of quantum mechanics, as has been 
done independently by Gurney and Condon and by 
Gamow.®^ 

In quantum mechanics, the a-disintegration belongs to a 
general class of phenomena which has numerous examples 
outside the field of nuclear physics. The possibility for 
a particle to go through a potential barrier is connected 
with the wave nature of matter, or, more precisely, with the 
wave nature of the Schroedinger function u, whose square 
of the modulus measures the density of probability of the 
particle in a certain region. The Schroedinger function 
generally does not vanish in the regions where the potential 
energy V is higher than the total energy E and where the 
particle in the classical model would have a negative kinetic 
energy; instead, although decreasing exponentially with the 
distance, the function maintains a finite value. This en- 
ables a particle to leak through a potential barrier. 

In order to calculate the probability of emission of an 
a-particle from the nucleus, we must assume a simple poten- 

M Gurney and Condon, Nature, 122, 439 (1928). 

Gamow, Z. Phys., 51, 204 (1928). 
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tial model to approximate the actual potential which is still 
insuiiieiently known. For this purpose we shall take the 
following form of the potential. For distances from the 
center of the nucleus that are larger than p, which we call the 
nuclear radius, we shall assume the Coulomb potential: 

2Ze^- 


whereas, for r < p, we shall take a constant negative poten- 
tial, as indicated in Figure 24. 



The horizontal dotted line represents the assumed value 
for the energy of the a-particle; 0, g, and j give, as indi- 
cated, the value of 

SwhniE - U) 
h" 

always taken with the positive sign, in the three different 
regions — that is, ior r < p, p < r < b, r > b, respectively. 
In the first and in the third of these intervals, E — U is posi- 
tive, and consequently the wave function, as a function of r, 
has an oscillating character; on the other hand, for values of 
r between p and b, the wave function has the character of a 
real exponential. 
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In a strict sense we have no quantum states of positive 
energy for the a-particle in the nucleus, since under these 
conditions there is always a certain probability for the 
particle to leak through the potential barrier. However, 
practically we can still speak of these as quantum states 
(which are then called virtual) because in this case, also, the 
energy of the particle in the nucleus is defined within an 
extremely narrow interval. In order to evaluate the width 
of the energy levels in the practical case of a-decay, we can 
apply the uncertainty principle in the form: 

tAE ~ h (IV, 2) 

where t is the mean life for the emission of the a-particle 
initially assumed to be in the virtual quantum state in 
question. Even if we take the most unfavorable case, the 
shortest mean life known (Th C', t ~ 10~“ see.), we find: 


or 


AE ~ 10-1^ 


E 


10-"2 


The last means that the energy of the virtual quantum 
states of the a-particles emitted by radioactive nuclei is 
always extremely well defined./^ 

We now wish to calculate the probability for an a-par- 
ticle, supposed to be initially in a virtual quantum state in 
the nucleus, to be found outside the nucleus after a given 
time. We shall employ the most natural procedure, de- 
scribed as follows. 

We surround the nucleus with an infinitely high potential 
barrier of very large radius. Then true quantum states, or 
stationary states, will exist; their eigenfunctions will be 
different from zero both inside and outside the nucleus. It 
will be found, however, that for certain sharply defined 
values of the energy, which correspond to the above- 
mentioned virtual quantum states, the amplitude of the 
wave function inside the nucleus is extremely large as com- 
pared with the amplitude outside. By means of a linear 
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combination of these states, we can construct an initial 
state (which, of course, is not a stationary state) where the 
wave function is different from zero inside the nucleus only, 
and where, thus, the initial condition that the particle be 
inside the nucleus is fulfilled. The Schroedinger equation 
for the time variation of the wave function enables us to 
evaluate the wave function at any given time, and therefore 
to calculate the probability for the particle to be found 
outside the nucleus after a certain time. 

The wider the energy interval which corresponds to the 
eigenfunctions whose combination constitutes the initial 
state, the faster the transition from the initial state, where 
the a-particle is in the nucleus, to a state where there is a 
certain probability for the particle to be found outside the 
nucleus. By expressing this fact quantitatively, we find 
again relation (IV, 2) between the mean life and the width 
of the virtual levels. 

We shall carry out the calculation for the simplest case in 
which the particle is always in an s state. Later we shall 
evaluate the effect due to the particle’s being in states with 
angular momentum different from zero. 

In our hypothesis, the Schroedinger function i// is a func- 
tion only of r, and it is convenient to consider the product 
rxp = <p. The function ^ satisfies the simpler Schroedinger 
equation : 

f? + ^(B-V)^ = 0 (IV, 3) 

dr- h- 

whereas \(p\Hr is proportional to the probability for the 
particle to be found between r and r + dr. 

The function cp has an oscillating character for r < p and 
for r > fe; whereas, for p < r < 5, it has the character of a 
real exponential and can be written in the form: 

+ Ke~^si 

where Z = r ~ p, p is a mean value of 

^Trhn I E — U I 


(IV, 4) 
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in the considered interval, and H and K are functions of r 
which vary much more slowly than the exponentials. In 
practical cases, g is such that the exponents can assume 
values which are exceedingly large compared with unity. 

We shall normalize ^ in such a way that it will be repre- 
sented by a sine curve of unit amplitude between zero and p. 
We must now look for states where the amplitude outside 
the nucleus is extremely small. This will happen only if 
H — 0, when the wave function expressed by formula 
(IV, 4) reaches b with a very small value. On the other 
hand, H and K must be available in order to connect (p and 
its derivative for r = p, and consequently a solution satis- 
fying our requirements will exist only for certain values of 
the energy, for which the phase of the inside wave function 
for r = p is such as to make H = 0. These are the virtual 
quantum states. 

Once we have assigned a unit value to the amplitude of <p 
inside the nucleus, the amplitude fl of ^ outside is a function 
of the energy. This, as we shall later prove, has the form 
represented in Ti^re 25, and presents extremely low and 



Figure 25. Amplitude of the Wave Function Outside the Nucleus. 


sharp minima for the energies Eo, Ei ■ ■ ■ corresponding to 
the virtual quantum levels. More exactly, we shall prove 
that, in the neighborhood of a virtual quantum level, the 
outside amplitude is : 


= ^2 + £ 2^2 


(IV, 5) 
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where Eo + A = E, and A and B are two constants of the 
order of magnitude A ~ B ~ 10®“. 

While we shall postpone the proof of formula (IV, 5), we 
must now make use of the equation in order to build up the 
linear combination of eigenfunctions that corresponds to the 
initial state (in which the wave function must be zero out- 
side the nucleus). 

Let L be the radius of the spherical barrier which sur- 
rounds the nucleus, and let us consider the eigenfunction 
(p^ corresponding to the energy Eo + A (normalized so as to 
have a unit amplitude inside the nucleus). To carry this 
to the usual normalization, we must multiply the eigen- 
function <pa by a constant Jca satisfying the relation: 


<pidr = 1 (IV, 6) 

Jo 

Since' L is very large, the part of the integral for r < b 
gives a negligible contribution. For very large values of 
T — that is, in the field-free region, we have : 


(p 


~ 0 sin 


(w 


a 


) 


Therefore formula (IV, 6) gives the following value for the 
normalizing factor: 


l-A 


1 2 1 

-t- B-A- 


(IV, 7) 


We must now determine the number of quantum states 
having energy between £'o + Aandi'o -|- A 4- dA. For this 
purpose we observe that the eigenfunctions of successive 
quantum states are almost identical in the inside region, and 
outside differ only for a small change of the wave length of 
the sine curve. To determine this change, w’e may wwite 
the condition that in the distance L there should be con- 
tained an integral number n of half w^ave lengths, which can 
be expressed by the relation: 


2 V2?/i(Fo~4~Xy 


= L 
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For the number of quantum states sought, the above equa- 
tion yields : 




(IV, 8) 


Let us now call u{r, t) the wave function at a time t. 
At the time zero, the probability for the particle to be found 
inside the nucleus is one. The normalized wave function 
u{r, 0) will consequently be : 


For r < p: 


u(r, 0) 



v’oCr) 


For r > p: 


u(r, 0) = 0 


The wave function representing this non-stationary state 
of the system must be expanded into a series of eigenfunc- 
tions of the stationary states. If the coeflScient of the 
eigenfunction corresponding to the energy -h A is called 
Ca, the expansion can be written in the form : 

—C^O'fA) t 

■“(r, i) = ScAMACr, t) = Y,CiJc!^(pii.(r)e (IV, 9) 

where the difference between the eigenfunctions inside the 
nucleus (for r < p) is so small that all the wave functions 
«?A can be taken as practically equal to <po. 

For i = 0, formula (IV, 9) reduces to: 


where 


u{r, 0) = J2cA<p\kA 


Ca = f u{r, 0)(pAdr 
Ja 

= [p ^ 

\ L 


(IV, 10) 


By means of formula (IV, 8) and the values found for the 
constants Ca, we can transform the sum (IV, 9) into an 
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integral and write : 


With the definite integral 


4- J5-A’ 


dA 


£ 


■dx = 7re~“ 


1 4- a:- 

the integration can be carried out to : 




2ir*4 


k‘Eo AB 


where the probability for the particle still to be found in the 
nucleus at the time t is: 


/ 

Jo 


I u(r, t) 1 ^dr = 


^TT^nifd 

h^oAW- 


hB 


(IV, 11) 


In formula (IV, 11) the radius L of the fictitious potential 
barrier has disappeared, and there occur only m, E, p, and 
the two constants A and B of formula (IV, 5). 

In agreement with the experimental law of radioactive 
disintegration, the probability for the particle to be found 
in the nucleus decreases exponentially with the time. 
Formula (IV, 11) gives, for the mean life t, the value: 


hB 

irA 


(IV, 12) 


We must now solve the second part of the problem — that 
is, determine the constants A and B for the particular shape 
of the potential barrier assumed. The simplest method is 
by means of the approximate solution of Wentzel-Kramers- 
Brillouin.^^ 

The eigenfunction, for p < r < 6, assumes the form : 



1 -S\Ur 

yg 


(IV, 13) 


3= Kramers, Z. Phys., 39, 829 (1926). 
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whereas, for r > &, it has the form: 

0 cos Vt + 6 j (IV, 14) 

where g and y, as we have already said, represent 

iME - U\ 

Let us calculate here the external amplitude Q of the 
eigenfunction in terms of the constants a and j8, in order to 
be able to determine later the values of these constants in 
such a way that, for r = p, solution (IV, 13) joins the solu- 
tion inside the nucleus, which is sin [a/Gt)]. 

To join the eigenfunctions for r = 6, we shall make use 
of Kramers’ formulae, which give the behavior of the eigen- 
function in the transition region between negative and posi- 
tive values oi E — XJ. The two types of eigenfunctions 
are related as follows : 



As a consequence, the eigenfunction (IV, 13) can be trans- 
formed into; 



By comparing this expression with equation (IV, 14), we 
obtain : 
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Solving for 0: 


j r*b ph 

Vff dr -s f Va a. 

■V7 


(IV, IS) 


which gives the outside amplitude in terms of the two con- 
stants a and /3. 

In order to join the eigenfunctions for r = p, we observe 
that, since the potential drop takes place here in a distance 
which is small compared with the De Broghe wave length, 
we can simply assume to be equal the values of the eigen- 
function and of its derivative on the two sides, considering 
the slowly varying coefficients a and /3 as constants. We 
thus obtain: 

sin (VGp) 

VG cos (VG p) = (a - iS) 

These equations, solved with respect to a and d, give : 


“ = sin (VGp) H- 

^ =^[^^sin (VGp) - 


Vg 


^g(p) 

4g 


COS 


cos 


(VGp) j 


(IV, 16 ) 


We are interested in determining the form of the ampli- 
tude 12 as a function of the energy, which is contained 
through a and 13, in the neighborhood of the minimum (a 
virtual quantum state). As in formula (IV, 15) the ex- 
ponents are very large compared with unity, the positive 
exponential will be much larger than the negative exponential, 
and consequently this minimum will practically be reached 
for the value Eq of the energy which makes a = 0. Then, 
in formula (IV, 15), we can set: 
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where the amplitude 0 already takes the form expressed by 
formula (IV, 5). To calculate the values of A and B, we 
can use relations (IV, 16). For the sake of simplicity, we 
can assume the hypothesis that G « g(p), and observe that 
in this case, in formula (IV, 16), the argument VOp of the 
sines and cosines is very near to rnr. Then, to obtain an 
approximate value of a, it will be sufficient to differentiate 
the first term; and for 0, to consider only the second term. 

With this simplification, we obtain these values : 


A2 = 


G -2 jy.ar 

— P, 


h* G^ ^ 


which introduced into formula (IV, 12) give the mean life: 


xm "slff dr 

h G 


(IV, 17) 


In order to obtain numerical results, we must now substitute 
the Coulomb field for the general expression of the poten- 
tial. We thus have : 


g{r) = 
where 






V(r)] = — E, 

\_ r 


En = 


°°) 

8x^m 


is the energy of the emitted a-particle, and 

2Ze^ 


b =■ 


We then find: 


Eo 


COS”I - 


■\l(r 


^ tJ 0-2 j 


(IV, 18) 


Ei = 


¥G 

Srhn 


where 


^JUJi 


(IV, 19) 
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is the kinetic energy of the particle inside the nucleus, and 

2Ze^ 

Eap 

Formula (IV, 17) expresses the mean life as a function 
both of the energy of the emitted a-particle and of the 
nuclear radius. On account of the arbitrary assumptions 
that have to be made about the form of the potential and 
the nuclear radius, an exact comparison with experiment 
cannot be very significant. It is, perhaps, more ad\T[sable 
to follow the converse procedure — that is, to introduce in 
formula (IV, 18) the experimental values of the disintegra- 
tion energy and the mean life, and to calculate the corre- 
sponding values for the nuclear radius. All of these values, 
in the same radioactiv^e series, are found to be close to one 
another, and are comprised between 7 • 10~^® and 10 • 10~^® 
cm. This result is satisfactory since it is in complete 
agreement with the order of magnitude of the nuclear 
radius as deduced in other ways. 

We can say conversely that if, in a single radioactive 
series, we assume the nuclear radius to be constant or, as 
supposed by Gamow, proportional to the cube root of the 
atomic weight, we shall obtain a relation between the mean 
life and the disintegration energy which is similar to the 
Geiger-Nuttall law. This result is as much as we can 
deduce since, as we shall see in Chapter V, to represent the 
interaction of a particle with the rest of the nucleus by 
means of a potential field is only a rough approximation and, 
further, it is probably incorrect to consider the a-particle as 
existing as such in the nucleus. 

We can also consider the process of a-disintegration from 
the following semiclassical point of xdew. The disintegra- 
tion constant X = 1/r can be expressed as the product of the 
number of impacts per unit time of the a-particle against 
the potential barrier, by the transparency — that is, the 
transmission coefficient of the barrier itself. The number 
of impacts per unit time is and is substantially the 



114 Spectra of the Natural Radioelements 


reciprocal of the coefficient of the exponential in formulae 
(IV, 17) and (IV, 19) . Therefore the exponential, with the 
sign of the exponent changed, measures the transparency of 
the potential barrier. 

By direct calculation of the transmission coefficient of a 
potential barrier, we find an expression of the type: 



(IV, 20) 


where the integral must be extended to the whole region in 
which U{r) > E. 

Finally we shall examine the corrections that have to be 
introduced into the theory, in order to take into account the 
emission of a-particles in states with angular momentum I 
different from zero. In such a case, formula (IV, 18) must 
be replaced with the following: 


/ 2Ze- 

A2 V »• 



, l{l + 1 ) 

' y.2 


(IV, 21) 


The ratio between the term l{l + l)/r^ and the Coulomb 
term, employing the values of the constants which hold for 
the radioactive nuclei, is only about IQ, + l)/500. It fol- 
lows that the values of the disintegration constant for par- 
ticles in p, d • • • states are not much different from the 
value which we have calculated for the s state. 

3. Alpha-ray spectra. Until a few years ago all a-particles 
emitted by a given radioactive element were believed to 
have exactly the same velocity, with the exception of the 
long-range a-particles emitted in exceedingly small number 
by Ra C' and Th C. Other cases of complexity of a-radia- 
tion had escaped observation because these structures were 
contained within the straggling of the range. 

A substantial advance was made by Rosenblum,®® who 
first analyzed a-ray spectra by means of a magnetic spectro- 
graph with semicircular focusing, and discovered the com- 
plexity of the a-radiation of a considerable number of 


33 Rosenblum, Journ. de Phys., 1, 438 (1930). 
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radioactive elements. Rosenblum detected the ct-rays by 
means of a photographic plate. One of the spectra thus 
obtained is reproduced on page 305 (Figure 55). Ruther- 
ford and his associates replaced the photographic plate 
with an ionization chamber connected to a linear amplifier. 
This apparatus added the advantage of being able to detect 
extremely weak groups of a-particles. 

In Table 7 (pages 116-117) are given all the data known 
at the present time on the spectra of a-particles. For 
weakly active substances (such as IT I, U II, Th), no mag- 
netic measurements have been made and all data have been 
deduced from the measurements of the range in air. These 
data are, of course, much less accurate than the others, and 
are indicated in parentheses. Also indicated in parentheses 
are the values of the range w'hich have been, not directly 
measured, but calculated from the velocity. Besides the 
energy of the a-particle, the table lists the total disintegra- 
tion energy, which comprises also the kinetic energy of the 
recoil nucleus. 

An inspection of Table 7 leads to the conclusion that 
a-ray spectra may be divided into three groups : (a) spectra 
consisting of a single line (for example, Rn, Ra A, Po) ; (b) 
spectra consisting of two or more not very widely separated 
components that have intensities of the same, or of an only 
slightly different, order of magnitude (for example, Th C, 
An, Ac C, Ac X, Rd Ac) ; (c) spectra consisting, not only of a 
main group, but also of groups of much higher energy, the 
latter containing, however, only an extremely small frac- 
tion (from 10“^ to 10~0 of the number of particles in the 
main group. In class (c) occur only the extremely short- 
lived substances Ra C' and Th C'. 

We now' wish to discuss the interpretation of these experi- 
mental facts. If the data resulting from the study of y-ray 
spectra are considered at the same time, the tw'o phenomena 
can be showm to be intimately related to each other, as 

Rutherford, Wj^nn-Williams, Lewis, and Bowden, Proc. Roy. Soc., 139, 
617 (1933); Lewis and Bowden, ibid., 145 , 235 (1934). 
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Table 7 

a-RAY SPECTRA 


Substance 

Mean 
Range 
in Air 
cm. 

Velocity 

cm./sec. 

X 10-9 

a 

Energy 

EV 

X 10-6 

Disinte- 

gration 

Energy 

EV' 

X 10-6 

Energy 
Difference 
from Main 
Group EV 
X 10-s 

Relative 
Number 
of Par- 
ticles 

1 

Uranium I 

2.63 

(1.398) 

4.09 

4.15 


— 

Uranium II 

3.18 

(1.499) 

4.67 

4.76 

— 

— 

Ionium 

3.09 

(1.489) 

4.59 

4.67 

— 

— 

Thorium 

2.80 

(1.444) 

4.27 

4.34 

— • 

— 

Protactinium 

3.57 

(1.560) 

5.06 

5.16 

— 


Radium ao 

(3.26) 

1.517 

4.793 

4.879 

0 i 




(3.08) 

1.488 

I 4.612 

4.695 

j 1.84 

— 

Radon 

4.014 

1.62512 

5.48798 

5.58867 

' — ■ 1 

— 

Radium A 

4.620 

1.69910 

6.00024 

6.11239 



Radium C ao 

(4.039) 

1.6279 

5.5068 

5.61 17 

0 

94 


(3.969) 

1.6189 

5.445s 

5.5496 

0.622 

113 

Radium C' 

6.870 

1.922oo 

7.683oo 

7.82934 

0 

106 


7.755 

1.9950 

8.280 

8.437 

6.08 

0.43 


1 

2.0729 

8.941 

9.112 

12.83 

(0.45) 


9.00 

2.0876 

9.0688 

9.241c 

14.12 

22 


— 

2.1157 

9.315 

9.493 

16.63 

0.38 


— 

2.1356 

9.492 

9.673 

18.44 

1.35 

Long-range 

— 

2.1543 

9.660 

9.844 

20.15 

0.35 

Groups of Ra C' " 

— 

2.1678 

9.781 

9.968 

21.38 

1.06 


— 

2.1817 

9.908 

10.097 

22.68 

0.36 


— 

2.2001 

10.077 

10.269 

24.39 

1.67 


— 

2.2079 

10.149 

10.342 

25.13 

0.38 


— 

2.2274 

10.329 

10.526 

26.97 

1.12 


11.47 

2.2466 

10.509 

10.709 

28.80 

0.23 

Polonium 

3.805 

I. 597 I 5 

5.300.8 

5.4033 

— 

— 

Radioactinium ao 

— 

I. 7 O 63 

6.051 

6.159 

0 

80 

“ ai 

— 

1.702i 

6.019 

6.127 

0.32 

15 

'' Oi2 

— 

1.6979 

5.990 

6.097 

0.62 

100 

'' as 

— 

1.6948 

5.968 

6.075 

0.84 

15 

a4 

— 

1.6885 

5.924 

6.030 

1.29 

5 

Oir, 

— 

1.6806 

5.870 

5.975 

1.84 

10 

“ ae 

— 

1.6729 

5.817 

5.921 

2.38 

5 
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Table 7 (Continued) 
a~RAY SPECTEA 


Substance 

Mean 
Range 
in Air 
cm. 

Velocity 

cm./sec. 

XlO-8 

a 

Energy 

EV 

X io-« 

Disinte- 

gration 

Energy 

EV 

X 10-6 

j Energy 

1 Difference 
' from ISIain 
Group EV 
X 10-5 

Relative 
Number 
of Par- 
ticles 

Radioactinium ar 

— 

1.6658 

5.766 

5.869 

2.90 

SO 

as 


1.6627 

5.744 

5.847 

3.12 

15 

ao 

— 

1.6589 

5.719 

5.822 

3.37 

60 

“ aio 

— 

1.6524 

5.674 

5.776 

3.83 

10 

Actinium X ao 



1.6589 

5.719 

5,823 

0 

6 

“ ai 

— 

1.6424 

5.607 

5.709 

1.14 

4 

“ «*> 

— 

1.6316 

5,533 

5.634 

1.89 

1 

Actinon ao 

5.655 

I.8II7 

6.826 

6.953 

0 

10 

ai 

(5.308) 

1.7768 

6.561 

6.683 

2.70 

1 

“ as 

(5.147) 

1.7593 

6.436 

6.556 

3.97 

1 

Actinium A 

6.420 

1.8824 

7.368 

7.508 

— 

— 

Actinium C ao 

5.392 

1.7832 

6.611 

6.739 

0 

100 

ai 

4.947 

1.7356 

6.262 

6.383 

3.56 

19 

Actinium C' 

6.518 

1.8911 

7.437 

7.581 

— 


Radiothorium ao 



1.615o 

5.420 

5.517 

0 

5 

ai 


1.602o 

5.335 

5.431 

0.86 

1 

Thorium IX 

— 

1.6537 

5.6825 

5.7858 

— 

— 

Thoron 

1 

4.967 

1.7387 

6.2832 

6.3995 

— 

— 

! 

Thorium A 

5.601 

1.8054 

6.7759 

6.903s 

— 

— 

Thorium C ai 



I.71O85 

6.08369 

6.200cs 

1 0 

27.2 

at 

— 

1.70533 

6.04445 

6.16069 

1 0.400q 

69.8 

as 

— 1 

1.66510 

5,762i 

5.8729 

1 3.278 

1.80 

a4 

— 

1.64454 

5.62O2 

5.7283 

4.724 

0.16 

ao 

— 

1.64176 

5.6OI2 

5.7O89 

4.918 

1.10 

“ ai, at 

(average) 

4.693 

— 

— 

! 

— 

— 

Thorium C' 

8.533 

2.O54O5 

8.778s 

8.9476 

0 

106 


9.687 

2.1354 

9.49I2 

9.6737 

7.26 

34 


11.543 

2.2501 

10.541s 

10.7445 

17.97 

190 
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has been demonstrated by Gamow.*® However, it will be 
convenient first to make a few comments on the data with 
which we are already acquainted. 

If we admit — and we have no reason to doubt at least so 
far as heavy particles are concerned — that the conservation 
of energy holds in nuclear phenomena, the fact that the 
nucleus can emit a-particles of different energies might be 
explained in two ways: (1) The nucleus, before the a-dis- 
integration, can exist in different quantum states. (2) The 
nucleus resulting from the a-disintegration is left in different 
quantum states. Of course, both these effects can exist at 
the same time. 

Case 1. The emitted a-particle will have an energy 
higher than normal if the nucleus, before the process, existed 
in an excited quantum level. In this case, if we assume the 
energy of the product nucleus always to be the same, the 
extra energy of the a-particle measures the excitation energy 
of the initial nucleus. This excitation energy will be left 
to the nucleus during the preceding disintegration process, 
from which the nucleus itself originated. 

However, we must observe that the mean life of an excited 
nucleus with respect to the process of y-ray emission is, at 
most, of the order of magnitude of seconds. (See 
section 4 of this chapter.) Consequently a nucleus left in an 
excited level will fall in an extremely short time into the 
ground state and later, if it is an a-active element, will emit 
an a-particle of normal energy. If the excited nucleus has 
to emit an a-particle of energy higher than normal, the 
mean life of this process must be so short as to allow the 
a-disintegration to take place before the nucleus has lost 
the excitation energy. In other words, we have here two 
alternative processes : the emission of a y-quantum, and the 
emission of an a-particle of abnormally high energy. The 
probabilities for the nucleus to follow one way or the other 
are inversely proportional to the respective mean lives. 


®‘Gamo-w, Nature, 126, 396 (1930). 
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Notwithstanding the very short mean life of excited 
nuclear levels, the alternative process of a-ray emission 
actually takes place in a few cases; this effect is due to the 
fact that the emission of an a-particle occurs also with a 
much shorter mean life if the particle has a higher energy, 
as we have seen in the preceding section. According to 
Gamow, a process of the present tj’pe explains the long-range 
ce-particles of Ra C' and Th C'. The a-emission of normal 
energy takes place here with a very short mean life, of the 
order of magnitude of 10 ~^ and 10 “® seconds, respectively; 
therefore it is not surprising that an a-particle with an excess 
energy from one to tw'o MEV can escape from the nucleus 
before the latter has lost its excitation energy. However, 
these particles are emitted in very small number — an effect 
attributed partly to the existence of the alternative process 
of 7 -ray emission and partly to the fact that not all nuclei 
are necessarily left in excited states. 

A measurement of the energies of the long-range a-particle 
groups will enable us to construct a diagram of the levels of 
the Th C' and Ra C' nuclei. This will be done, however, 
after we have discussed the 7 -ray spectra. 

Case 2 . Here the complexity of the a-radiation is due to 
excitation of the product nucleus. The a-particle will have, 
in this case, an energy lower than normal, and the difference 
will measure the excitation energy of the product nucleus. 
According to Gamow, all the a-ray structures that we have 
classified under group ( 6 ) are explained by this type of 
process. The scheme of the energies of the a-particles, con- 
sidered upside down, will then give the scheme of levels of 
the product nucleus. By combining these levels, we can 
calculate the possible frequencies for 7 -ray lines; if the 
interpretation is correct, the results must agree with the 
directly observed frequencies. This comparison will be 
discussed in section 5. 

Let us now consider how an a-particle can be emitted with 
an energy smaller than the total available energy, leaving 
the product nucleus in an excited state. For this purpose. 
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let us assume the a-particle to interact with another nuclear 
particle — for example, a proton. If there were no inter- 
action, the energy of the a-particle and the energy E,, of 
the proton would remain constant. Similarly, for two 
different states of the proton and the a-particle, we might 
have two other values of the energy EL and EL- 

We now assume the existence of an interaction between 
the two particles; moreover, the energies of the two unper- 
turbed states of the system are considered to be approxi- 
mately equal — that is, 

E. + E,~ EL + E 

Then a continuous exchange of energy between the proton 
and the a-particle will occur. The latter will collide against 
the potential barrier with variable energy, and consequently 
will be able, when escaping from the nucleus, to leave the 
other particle in different quantum levels. 

The relative probability of the various processes will de- 
pend, to a large extent, upon the difference in transparency 
of the potential barrier, according to the energy; upon the 
angular momentum of the a-particle, which, as we have seen, 
has a small effect on the disintegration constant; and finally 
upon the particular type of interaction of the a-particle 
with the other constituent particles of the nucleus. In some 
cases, as in the disintegration of Th C, the dependence of 
the transmission coefficient upon the energy of the a-particle 
seems to be the predominant factor in determining the rela- 
tive number of particles in the different grdups. However, 
in certain cases (for example, in Rd Ac), since the intensity 
of the various groups does not show any regular variation 
with the energy, other factors than the transparency of the 
barrier must be effective in determining the probability of 
the process. 

4. Gamma-ray spectra and associated internal conversion 
electrons. The disintegration of many radioactive sub- 
stances, showing either an a- or a /3-activity, is accompanied 
by the emission of 7 -rays. The 7 -rays then produce a 
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secondary / 3 -ray emission due to a photoelectric effect of the 
7-quantum on an electron of the disintegrating atom itself. 
This process is known as internal conversion. 

For a long time these secondary electrons were mistaken 
for disintegration electrons. The two types of phenomena, 
however, have been clearly separated and interpreted (by 
means of a magnetic analysis) by v. Baeyer, Hahn, and 
Meitner, who were able to show that the internal conversion 
electrons always consist of perfectly homogeneous groups, 
whereas the disintegration electrons have a continuous 
energy distribution. 

The homogeneity of the conversion electrons shows, also, 
that the 7-ray spectra consist of highly monochromatic 
lines. Actually, up to the present time no experiment has 
revealed a measurable width of the 7-ray lines, which there- 
fore can be evaluated only on theoretical grounds. 

The 7-ray spectra, in a few cases, have been studied 
directly by means of the diffraction on crystals (Rutherford 
and Andrade, Thibaud, Frilley). This method has the 
advantage that no doubts about the interpretation of the 
observed 7-ray frequencies can arise, as sometimes occur 
when the secondary conversion electrons are investigated. 
On the other hand, the precision obtained with the crystal 
diffraction method is not great ; also, only the strongest lines 
of the most active bodies (for example, Ra B and Ra C) 
have been photographed thus far. However, a comparison 
of "the intensities of the 7-ray lines with those of the corre- 
sponding / 3 -ray lines will prove very important for determin- 
ing the conversion coefficient. (See later text.) For the 
above reasons, almost all the available information on 7-ray 
spectra has been derived from measurements of the / 3 -ray 
spectra performed with the magnetic spectrograph. 

The determination of the 7-ray frequencies from the 
analysis of the secondary / 3 -spectrum in many cases presents 
no difficulties. If a 7-ray line is intense enough to give rise 
to more / 3 -ray lines due to conversion in the various electron 
shells, then we observe a set of 0 -ray energies, which are 
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expressed by; 

hv — Ek, hv — Eli, hv — 

where the energies Ek, Eli • • • for the corresponding atomic 
number either are known directly from experimental data 
on the X-ray spectrum, or can be evaluated by interpolation 
between neighboring elements. Therefore, when several 
conversion lines arising from a single y-ray are observed, 
there can be no doubt about the interpretation. 

Table 8 gives the energies of a group of jS-ray lines of 
Ra B, as measured by Ellis, which obviously arise from a 
y-ray of 52.91 kEV. 


Table 8 


CONVERSION OF A y-RAY IN VARIOUS ELECTRON SHELLS 


/?-Ray Energy 
in kEY 

Binding Energy 
for = 83 

Conversion 

Level 

7 -Ray Energy 
in kEV 

36.74 

16.34 

Li 

53.08 

37.37 

15.67 

Lii 

53.04 

39.63 

13.38 

Lin 

53.01 

48.85 

3.99 

Mi 

52.84 

49.10 

3.68 

Mil 

52.78 

49.66 

3.17 

Mill 

52.83 

51.90 

0.93 

Ni 

52.83 

52.64 

0.20 

0 

52.84 
(average) 52.91 


In the present case, conversion in the K shell cannot take 
place, as the binding energy of the electron is higher than 
the energy of the y-quantum. 

The various |S-ray lines resulting from the conversion of a 
y-ray in the different electron shells can also be recognized 
from their relative intensities, as we, shall see later. 

In the ease discussed above, we have taken the values of 
the binding energy of the different electron shells for the 
element bismuth (Z = 83), which corresponds to the 
product nucleus of the disintegration Ra B — » Ra C during 
which this y-ray is emitted. For some time there has been 
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a question whether the electron levels of the initial nucleus 
or those of the product nucleus should be considered. The 
problem has been investigated experimentally by Aleitner 
and by Ellis and Wooster, with the result that in all eases, 
either of a- or of | 8 -disintegration, the electron levels of the 
product nucleus must be considered. This conclusion is in 
agreement with the present concepts of the emission of 
7 -rays, which is supposed to be due to an excitation of the 
product nucleus. Consequently the above-considered y-ray, 
emitted in the transformation of Ra B into Ra C, really be- 
longs to the Ra C nucleus. We shall usually refer the 
7 -rays to a given disintegration process — vindicated, for 
example, as Ra (B — > C). 

In the tables on pages 124-128 are given the 7 -ray ener- 
gies for the various natural radioelements. As far as the 
intensities are concerned, in most cases we possess only a 
very rough evaluation. For the more thoroughly investi- 
gated substances (Ra B, Ra C, Th B, Th C, Th C")i 
have fairly accurate data on the number pa of electrons per 
disintegration present in each 7 -ray line. This material 
does not provide the intensity of the corresponding 7 -ray 
line, but does give the product of the intensity multiplied by 
the conversion coefficient (see later) . The latter is an im- 
portant datum and, when known, is always reported in the 
tables. It refers usually to the K conversion, if that occurs; 
otherwise, to the L conversion. For substances other than 
those noted above, not even a rough measurement of this 
quantity exists. In such cases an idea of the intensity of 
the 7 -ray line can be obtained from the number of conv’er- 
sion /3-ray lines observed, as reported in the tables. 

The accuracy of the measurements is higher for the sub- 
stances which constitute the active deposit of radium and 
thorium, in which the /3-ray lines have recently been 
measured by Ellis.^® According to his experiments, the 
relative accuracy of the frequencies should be higher than 

“Ellis, Proc. Roy. Soc., 138, 318 (1932); ihid., 143, 350 (1934). 
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one part in a thousand, and the absolute accuracy not much 
lower. 

In the case of B-, C-, C'-, C"-, and D-bodies, the observa- 
tions have usually been made with sources containing all or 
a part of these products in equilibrium. It must then be 
decided to which disintegration each 7 -ray line belongs. 
In certain cases the classifying can be done by determining 
which X-ray levels must be employed in order to bring into 
agreement the energies of a y-ray as deduced from different 
conversion lines. For example, this criterion can be used 
to find out whether a 7 -ray emitted by a C-body {Z = 83) 
has to be attributed to the disintegration C — > C" or to the 
disintegration C — >■ C'. 

In the first case, we must consider the X-ray levels for 
Z = 81; in the second, for Z = 84. For very weak lines, 
where conversion in one level only is observed, this criterion 
fails; hence the attribution of a 7 -ray line to a given process 
must be based on an indirect procedure — ^for example, on 
the nuclear level scheme determined from the a-ray spec- 
trum. In the tables we have indicated with an asterisk the 
7 -ray lines which have been classified in this way. Lines 
observed as weak and uncertain have not been considered. 

Table 9 


7-RAYS of 

UX2->UII 

hv EV X 10"5 

Conversion Observed 

0.919 

Li Mr Ni 


We note here, as well as in other cases (for example, Rd 
Th), that the frequency of a 7 -ray coincides, within the 
limits of experimental error, with the frequency of an X-ray 
line of the same element. Although this may appear to be 
a rather strange coincidence, it seems difficult to doubt that 
the line is really of nuclear origin, as no known mechanism 
exists for a strong excitation of the characteristic X-radia- 
tion. 
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Table 10 


7-RAYS of MsTha-^RdTh 


hv EV X 10-5 

Conversion Observed 

0.581 

Li Liii Mr Ni 

0.795 

Li Liii 

1.294 

Li Liii Mi Xi 

1,841 

K Li Mi 

2.497 

KLi 

3,19 

KLiNi 

3.381 

4.08J 

Observed in external pbotoeffect. 

4.62 

K Li Mi 

9.15 

KLi 

9.70 

KLi 


Table 11 


7-RAYS of 

Rd Th Th X 

hy EV X 10-5 

Conversion Observed 

0.848 

Li Mi 

0.881 

Li Mi 


Table 12 

7 -RAyS OF Ra Rn 


Jip'E.Y X 10“« 

Conversion Observed 

1.89 

K Li Mi 

Table 13 

7-RAys OF 

Ra D Ra E 

1 

hpliv X 10-s 

Conversion Observed 

0,472 

Li Lii Liii Mi Ni 
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Table 14 


7-RAYS of Pa — Ac 


hv EV X 10-s 

Conversion Observed 

0.949 

Li Liii Mi 

2,94 

K Li Mi 

3.23 

K Li Mi 

Table 15 

7-RAYS of 

Rd Ac Ac X 

hv EV X 10-”5 

Conversion Observed 

0.315 

Li Liii Mi Mu Mv Ni Nvi 

0.437 

LiLii Liii Mi 

0.533 

Li Mi 

0.614 

Li Mi Ni 

1.007 

Li Mi Nr 

1.493 

K Li Mi 

1.954 

K Li Mi 

2.53 

K Li Mi 

2.82 

K Li 

3.00 

K Li 

Table 16 

7-RAYS of 

Ac X An 

hv'EV X 10-' 

Conversion Ob.served 

1.435 

.K Li Mi 

1.53 

K Li Mi Ni 

1.57 

K Li Mi 

2.00 

KLi 

2.69 

KLi 

Table 17 

T-RAYS of AcC-^AcC 

" AND OF AcC" — AcD 

hv EV X 10“^ 

Conversion Observed 

3.54 

K Li Mi 

4.60 

K Li 

4.80 

K Li 
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Table 18 


7-RAYS of RaB^EaC 


hv EV X 10-® 

Conversion Observed 

I 

pa Electrons per 
Disintegration X 10^ 

0.529 

Li Lii Liii Mi Mu Mm Ni 0 ! 

i Li 240 

2.406 

K Li Mi | 

K 425 

2.571 

K Li j 

K 21 

2.937 

K Li I 

K 4S0 

3.499 

K Li xMi Ni 

K 530 


Table 19 


7-RAYS of RaC-^RaC' 


hv EV X 10~5 

1 Conversion Observed 

pa Electrons per 
Disintegration X 10^ 

6.067 

K Li Mi N 

K 

40 

7.66 

K 

K 

3.2 

9.33 

K 

K 

4.1 

11.20 

K Li Mi 

K 

12,8 

12.38 

KLi 

K 

3.6 

13.79 

K 

K 

0.9 

14.14 

K Li xMi 

K 

25.2 

17.61 

KLi 

K 

4.2 

21.98 

KLi 

K 

0.95 


The 7 -ray lines of Table 19 have been attributed to the 
transition Ra C — » Ra C' (not to Ra C' Ra D). The 
reasons will be discussed in section 6 of this chapter. 


Table 20 

7-RAYS37 OF RaF->RaG 


/i^EVXlO-5 

Conversion Observed 

2.02 

K 

7.98 

K 

10.68 

K 


Bothe, Z. Phys., 96, 607 (1935). 
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Table 21 


7-RAYS of ThB' -ThC 


hv EV X 10-^5 

Conversion Observed 

'pa Electrons per 
Disintegration X 10^ 

1.147 

Li Lii Mi Ni 

K 

242 

1.757* 

K 

K 

6 

2.379 

K Li Lii Lni Mi Ni 

K 2,500 

2.494* 

K 

K 

5 

2.990 

K Li Mr j 

1 

K 

90 


Table 22 


7~RAYS of ThC-^ThC' 


hy EV X lO-'^ 

1 Conversion Observed 

pa Electrons per 
Disintegration X 10^ 

7.26* 

K i 

K 7.5 

16.23* 

K 

K ? 

18.02* 

K 

K 0.5 


Table 23 

7-RAYS of ThC~^ThC" 


hy EV X 10-« 

Conversion Observed 

pa Electrons per 
Disintegration X 10^ 

0.399 

Li Lii Lm Mi Mn Ni 0 

? 

2.87 

K Li 

K 28 

2.98* 

K 

? 

3.27* 

K 

K 6.1 

4.32* 

K 

K 2.2 

4.51* 

K 

K 2.2 

4.71* 

K 

K 0.9 

6.17* 

K 

? 


Table 24 

7-RAYS of ThC"~^ThD 


hv EV X 10'® 

Conversion Observed 

pa Electrons per 
Disintegration X 10^ 

2.765 

K Li Lin 

IC 140 

5.100 

KLi Mi 

K 73 

5.823 1 

K Li Mi 

K 65 

26.20 

K Li Mi 

K 15 
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The substances which emit nuclear -y-rays emit also 
characteristic X-ray lines, because the internal conversion 
of a 7 -ray leaves the atom ionized in an inner electron shell. 
Often, however, instead of the emission of an X-ray quan- 
tum, the emission of another electron by auto-ionization 
(Auger effect) is observed. 

We now wish to make some theoretical observations on 
the emission of the y-rays from the nucleus. In contrast 
with the case of the atom, where the emission of radiation 
is due to the electrons, in the nucleus we have every reason 
to believe that the emission of radiation is due to the motion 
of heavy particles (protons, a-particles, neutrons). This 
conclusion follows from the fact, for example, that, if the 
emitting particle were an electron, the mean Ufe of an excited 
state would be so short as to give rise to a -width of the y-ray 
lines inconsistent with the high degree of homogeneity ob- 
served. Further, electrons are believed not to exist in the 
nucleus. (See Chapter V, section 5.) 

Let us assume in the nucleus the presence of a particle of 
charge e (for example, an a-particle), in an excited state. 
The mean life for the transition to a lower quantum level, 
in the case of dipole radiation, is given by the formula: 

1 =-MA_4_ (IV, 22) 

647r‘^J/'^ {ex);,rn i€X)nm 

where {ex)nm represents the matrix element of the electric 
moment associated with the transition (nm ) . If we substi- 
tute, in this formula, for v the value corresponding to one 
MEV, and for e the charge of the a-particle, and if we set x 
equal to 10“^- centimeters (which is the order of magnitude 
of the nuclear radius), we find a mean life of the order of 
10""^^ seconds. This value is certainly too small, as the 
ratio ejm for the a-particle is very near that of the nucleus 
and consequently the center of mass approximately coin- 
cides with the center of the electric charges — a condition 
which reduces considerably the magnitude of the electric 
moment. As a consequence of this motion of the residual 
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nucleus, even the motion of a neutral particle (neutron) 
gives rise to a variable electric moment and therefore to the 
emission of radiation. 

The only method available at the present time for deter- 
mining experimentally the mean life of y-transitions is a 
rather indirect one. It consists of comparing the probabil- 
ity of the emission of a y-quantum with the probability of 
an alternative process, which is the emission of a long-range 
a-particle, as discussed in section 3. If we assume the 
probability of the latter process to be given by the Gariaow 
formula, then from the number of the y-quanta and the 
number of the corresponding long-range a-particles emitted, 
we can evaluate the mean hfe for the y-transition. 

This comparison is subject to some degree of uncertainty; 
however, it seems fairly certain that the y-lives are longer 
than calculated from formula (IV, 22) by a factor 10^. 
Part of the discrepancy will be explained by the argument 
discussed above, but this is not sufficient explanation to 
bring agreement. A longer mean life can be obtained if 
the y-ray emission is assumed to be due to quadrupole 
radiation. The ratio of intensity of quadrupole to dipole 
radiation is of the order of {xl\y which, for x = 10“^^ cm. 
and X = 10“^“ cm., gives approximately a factor 10“*. This 
is sufficient to bring the theory into agreement with experi- 
ment. As we shall see later, a consideration of the conver- 
sion coefficient leads also to the assumption that quadrupole 
radiation from nuclei frequently occurs. 

Let us now consider in more detail this important phe- 
nomenon of internal conversion. We assume that a nuclear 
transition involving an energy hv takes place, on the average, 
p times per integration (p ^1). This transition can take 
place either by the emission of a y-quantum of frequency v 
or by the ionization of the atom in the K, L ■ ■ ■ shell. Let 
paK, po-Lj • ■ • be the probabilities of these respective con- 
version processes. Then 

p[l — aK — oiLi — ■ • ■) = p(l — a) 



Spectra of the Natural Radioelements 131 

will be the probability of emission of a y-quantum. We 
define a as the conversion coefficient of the 7 -ray. 

The measurement of the conversion coefficient a and of 
the number of processes p per disintegration is a rather diffi- 
cult problem. The datum directly available from experi- 
ments is the product pa — that is, the number of conversion 
electrons per disintegration. This value (in most cases, for 
the conversion in the K shell) has been reported in some of 
the tables of frequencies of the 7 -rays. 

In order to determine the value of the conversion coeffi- 
cient, we must know, also, the number of 7 -quanta emitted 
per disintegration. A rough measurement of the latter 
quantity has been performed, by Ellis and Aston,®* by the 
following method. 

These experimenters have compared the intensities of the 
internal conversion P-r&y lines of Ra B and Ra C, produced 
in the K shell, with the intensities of the corresponding 
/S-ray lines produced by the same 7 -rays in a platinum foil 
by ordinary photoelectric effect. As the photoelectric ab- 
sorption coefficient is approximately known (see Chapter 
III, section 13) , and certainly in this range of energies is a 
regularly varying function of the frequency, the intensities 
of the 7 -ray lines can be measured. 

The general results established by the experiments were 
the following: (a) The conversion coefficient ajsr, as a general 
trend, decreases rapidly with increasing frequency. For 
example, for the 7 -rays of Ra B of about 0.3 MEV, the 
coefficient is approximately 0 . 1 ; whereas, for the 7 -rays of 
Ra C of the order of 2 MEV, it is about 0.001. (h) The 

dependence upon the frequency is not a regular one, since 
sometimes 7 -ray lines of approximately the same frequency 
have very different values for the conversion coefficient. 
In an extreme case, a 7 -ray fine of Ra C has a conversion 
coefficient equal to unity, whereas neighboring lines have 
conversion coefficients of the order of 0 . 001 . 

Ellis and Aston, Proc. Roy. Soc., 129, 180 (1930); Ellis and Mott, ibid., 
139, 369 (1933). 
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An interpretation of these facts has been given recently 
through the theoretical analysis of Hulme and of Taylor 
and Mott.'*" The conversion coefficient must depend upon 
the frequency according to two different laws: when the 
7 -ray is emitted by dipole radiation, or when it is emitted 
by quadrupole radiation. In a diagram representing a as 
a function of v, the experimental points should therefore 
lie on either one of two regular curves indicating the conver- 
sion coefficient for dipole and quadrupole radiation. A 
comparison of these theoretical curves with some experi- 
mental data is shown in Figure 26. 

hv in EVX 10'® 

25.4 16.9 10.02 7.26 5.63 

Kk 

.012 

.008 


.004 


0.2 0.4 0.8 

hv 

Figure 26. Conversion Coefficient in the K Shell for: (I) Quadrupole Radiation, 
and (II) Dipole Radiation. 

It is generally found that the theoretical conversion coeffi- 
cient is about 30 per cent lower than the experimental 
values, which, however, are not very accurate. The dis- 
crepancy could be explained if the emission of radiation is 
assumed to be due to magnetic multipoles, for which the 
theory gives a much larger conversion coefficient than for 
the corresponding electric multipoles. Consequently it 
would be sufficient to attribute a small percentage of the 
radiation to magnetic multipoles in order to increase con- 

« H-ulme, Proc. Eoy. Soc,, 138, 643 (1932). 

« Taylor and Mott, Proc. Roy. Soc., 138, 665 (1932). 
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siderably the value of the conversion coefficient. However, 
we have no basis for deciding how much of the radiation 
from nuclei is to be attributed to magnetic multipoles. 

A peculiar behavior is shown by the y-line of Ra C of 
14.14-10® EV, which shows a total conversion. In this 
case we may assume that the nuclear transition is forbidden, 
even by quadrupole radiation (this happens, for example, in 
a transition where the angular momentum is zero both in 
the initial state and in the final state), and hence that the 
emission of a y-ray does not take place. Then the nuclear 
transition can take place only through the interaction be- 
tween the nucleus and the K electron, which leads to the 
ejection of the latter from its orbit. 

The fact that, in the few cases where comparison has been 
possible, the theory gives an approximately correct value 
for the conversion coefficient for dipole and quadrupole ra- 
diation, is used in the followung way to determine the nature 
of a nuclear transition. 

For a given 7-ray line, the number of conversion electrons 
per disintegration pa is measured. From the theoretical 
values of a for the frequency in question, we obtain two 
possible values for the number p of processes per disintegra- 
tion. From other considerations (such as the scheme of 
nuclear levels deduced from the a-ray spectra) it is some- 
times possible to obtain an independent evaluation of p. 
According to whether this quantity coincides with one or the 
other of the two calculated values, w^e have a dipole or a 
quadrupole radiation. If the value of p calculated for 
dipole radiation is larger than unity, we certainly have a 
quadrupole radiation. 

Up to the present time there are only a few actual cases 
which give us sufficient experimental data to lead to a 
definite conclusion. These cases will be discussed in sec- 
tion 6 of this chapter. 

As far as the internal conversion in the various electron 
shells is concerned, the conversion coefficients have approx- 
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imately the following ratios: 

= "ki = 100 : 15 : 5 

which are about independent of the frequency of the 7 -ray. 
The theory has been adequately developed for conversion in 
the K and L shells only, and yields results in agreement with 
these empirical values. 

Another type of internal conversion process is predicted 
by the theory, although it is much less probable than the 
one we have already considered. It consists of a y-quantum 
which is emitted by the nucleus and creates a positron- 
electron pair in the field of the nucleus itself. The theory 
of this effect has been given by Jaeger and Hulme,^^ and the 
probability of the process turns out to be of the order of 
10~® for 7 -rays of 2.6 MEV (those of ThC")- Experi- 
mentally, after the discovery of the positron, it was found 
that the radioelements which emit a 7 -radiation of energy 
higher than 2 mc^ emit also a number of positrons of this 
order of magnitude. 

5. Non-relativistic theory of internal conversion. To 
avoid extremely complicated calculations, we shall give only 
a non-relativistic treatment of the effect of internal con- 
version for the case of dipole radiation. 

Let us assume in the nucleus the existence of a dipole 
whose electric moment is : 

P cos ut (IV, 23) 

The dipole oscillates parallel to the s-axis. The variable 
electric field of the dipole will induce transitions of an 
electron (initially bound in a iC, L • • • level) toward states 
of the continuous spectrum. We shall calculate, by means 
of the theory of perturbations, the probability of transition 
from the initial K level toward all possible states of the 
continuous spectrum, and also the probability of emission 
of a 7 -quantum by the same dipole. These results provide 
all the data necessary for determining the conversion 
coefficient. 

" Jaeger and Hulme, Proc. Roy. Soc., 148, 708 (193.5). 
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For the sake of simplicity, we shall use the Hartree 
rational units, where 


and the unit of length is the Bohr radius, the unit of energy 
is the Rydberg, and the velocity of light is equal to 2-137. 

In terms of these units, the initial eigenfunction, which is 
the eigenfunction oi & K electron in an atom of nuclear 
charge Z, can be written : 

>/'0 = \/— (IV, 24) 

T 

where Eq = — Z^. The perturbing potential produced by 
the dipole (IV, 23) will be : 

Tr P cos coi „ 

V = :: — cos d (IV, 25) 

where r is the distance of the point from the origin and 6 is 
the angle with the a-axis. 

It is apparent that a perturbing potential of this type will 
induce transitions from the initial state s to states p only — 
more exactly, toward the p state where the angular de- 
pendence of the eigenfunction is expressed by cos d. All 
other matrix elements will vanish. Consequently, the 
eigenfunction of a state of the continuum which is important 
for our problem, will be of the form : 

im = kp„{r) cos (IV, 26) 

where p is the momentum of the ejected electron, and 
Pm{r) is the radial eigenfunction. For very large values of 
r (in the field-free region), this eigenfunction assumes the 
asymptotical form: 

p,„(r) • - cos (pr + )3„,) (IV, 27 ) 

r 

We must now normalize the eigenfunctions of the 
continuum. For this purpose, we may surround the atom 
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with a sphere of very large radius R, and set the condition: 

J \4'm\^dT = 1 

where the integral is extended to the whole volume inside 
the sphere. If the radius R is very large, the regions of the 
atom in which the radial eigenfunction departs considerably 
from the asymptotic form (IV, 27) do not contribute 
appreciably to the integral, and thus we find simply : 



(IV, 28) 


We must now determine how many quantum states, in 
the sphere of radius R, exist for which the value of the 
momentum is between p and p + dp. This number can be 
derived from the fact that there is contained between the 
origin and R an integral number of half De Broglie wave 
lengths. In other words. 


raX _ nh _ n-K 


and consequently, for values of the momentum between p 
and p + dp, there are : 


Rdp 

TT 


(IV, 29) 


quantum states. 

Let us consider here the perturbing potential (IV, 25). 
The transitions induced from the initial state Tpo to the final 
states \(/m will be determined by the matrix elements : 


Hmo = P cos at 


n E 

. 


COS^ 


■ s(r)p^(r) • 27 rr 2 sin ddddr 


= P cos o)t 


47rfc 


r s(r)pm(r)dr 
do 


2 3 Jo 


s{r)pm(T)dr (IV, 30) 
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where the cosine has been WTitten in exponential form in 
order to bring into evidence the exponents (Z- + p- + oi)t 
and + p^ — u>)t. 

As in all perturbation problems only the final states of the 
system, for which the unperturbed energy is approximately 
conserved, are important. In the present case this relation 
is expressed by: 

+ (IV, 31) 

It follows that, since the first exponential oscillates very 
rapidly and gives rise to no secular perturbation, it can be 
disregarded. With this simplification, the matrix element 
reduces to : 

9'rrh 

Hn.0 = ^ PI{p)ei^r+z^^)t (IV, 32) 

Here 

J(p) = r s(r)p„(r)dr (IV, 33) 

Jo 

is a rapidly converging integral which, for simplicity, has 
been extended to infinity, and which is a function of the 
momentum p and consequently, as the energy is conserved, 
also of the frequency w. 

From the matrix element Rmo, by means of the ordinary 
methods of the perturbation theory, we can now calculate 
the probability amplitude am of the state m as a function of 
the time, assuming the probability amplitude Go of the 
initial state as given. The time variation of the probabilitj' 
amplitude of the state m is generally given by the differential 
equation ; 

dm ~ tHmoaQ (IV, 34) 

where we can set Oo = 1. By introducing into formula 
(IV, 34) the expression (IV, 32) of the matrix element, we 
find: 

dm = - 

O 

Then integrating, and noting that at the time zero the 
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amplitude «« = 0, we obtain : 


a 



2)2 -|_ 2^ — CO 


By multiplying the amplitude by its conjugate, we 
finally obtain the probability for the state m to be excited 
at the time t\ 




p272(p) 


4 sin^ 1(2)^ + — u)t 

(p^ -\- Z'^ — co)^ 


(IV, 35) 


This formula shows that, as we have already pointed out, 
for sufl&ciently large values of t, la^P is appreciably different 
from zero only if formula (IV, 31), which expresses the 
energy conservation, is approximately satisfied. If we 
designate by po the value of the momentum which exactly 
satisfies this relation, and by p a generical value of the 
momentum, we can write : 

p = po + e 

where e is a small quantity whose powers higher than the 
first may be disregarded. With this approximation, 
formula (IV, 35) becomes: 


I 4x2^2 .sin^poci - T ,, 

a« P = -pr- P-Pivo) (IV, 36) 

9 Poe^ 

We must now sum up these expressions for all possible 
final states — that is, for all possible values of e. This sum 
can be transformed into an integral by means of relation 
(IV, 29). Employing the expression for the normalization 
factor k, we obtain : 


.,^1 1 , 471^^:^ jj , R 


9 


-ikpo) r 

^ oJ —00 


sm^ Poet 




de 


= |lp272(p„)( 
opo 


Wconv. X t (IV, 37) 

The coefficient of t in the above formula provides the 


probability of the conversion process per unit time, the 
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momentum po being the one corresponding to the energy of 
the ejected electron hv - Ek. In order to obtain the 
conversion coefficient, we must now compare this proba- 
bility with the probability of emission of a 7 -quantum. 
The latter, obtained by dividing the energy radiated by the 
dipole per unit time by hv, is: 


'i^Vad. 



(IV, 38) 


According to our definition, the conversion coefficient in 
the K shell is given by : 


“a- = 


2w’c, 


SaJconv. — 1“ U’rad. 


(IV, 39) 


where the factor 2 is due to the fact that we have two 
electrons in the K shell. 

Formulae (IV, 37) to (IV, 39) give a complete solution of 
the problem of the conversion coefficient for the K shell in 
this non-relativistic approximation. There is still required 
the evaluation of the explicit form of the function J(po). 
We give here only the result : 


I(p) = 


— tan-i- 

SttZB ” 


V 


where we have set 


£2 = 


Ae^ - ij 


Z2-kZ 


('•?) 


A numerical calculation of the conversion coefficient from 
these formulae gives values which are smaller by a factor 
5 or 6 than the experimental values. We must expect a 
non-relativistic approximation to be a rather poor one in the 
present case, because the velocity of the electron is compa- 
rable to the velocity of light both in the bound state and in 
the ionized state. A correct theory must therefore be 
relativistic — that is, the electron must be treated according 
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to Dirac’s equation and the retarded potential produced by 
the dipole must also be taken into account. 

This treatment, which is rather complicated, has been 
given by Hulme for dipole radiation and for the K, Li, Lu, 
Lui shells; and by Taylor and Mott for quadrupole radia- 
tion and the K shell. Fisk and Taylor have extended the 
calculations to the case of magnetic dipole radiation. The 
conversion coefficients thus obtained are considerably higher 
than those given by the non-relativistic theory. The 
comparison of these values with experiment was discussed in 
the preceding section. 

6. Quantum levels of radioactive nuclei. The data con- 
sidered in sections 3, 4, and 5 on the structure of the a- and 
7 -ray spectra enable us now to discuss the entire problem of 
quantum levels of radioactive nuclei. Y et, notwithstanding 
that we do possess the general principles for the treatment 
of this problem, the actual cases in which a solution has been 
reached are still very few because experimental data are 
meager and sometimes inaccurate. 

Let us review the general basis for this discussion. If we 
have an a-disintegration, the quantum levels of the initial 
nucleus (long-range a-particles) or of the product nucleus 
(fine structure) are simply given by the energies of the a-ray 
groups. These levels, conveniently combined, must account 
for the observed frequencies and intensities of the y-rays. 
If the nucleus is excited by a process of ;8-disintegration, the 
primary ;S-spectrum, being continuous (see section 7 of this 
chapter), gives no indication of the quantum levels of the 
product nucleus. The scheme of levels must be built only 
upon data of the y-ray spectrum. 

The only substances for which the a- and y-ray spectra 
have been investigated adequately are those that constitute 
the active deposit of radium and thorium. We shall now 
examine some of these processes. 

Process 1: ThC-^ThC"' 

Fisk and Taylor, Proo. Eoy. Soc., 146, 178 (1934). 
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This is the first case in which a determination of the 
nuclear quantum levels has been possible. The fine struc- 
ture of the a-particles supplies the level diagram of the 
Th C'' nucleus, as illustrated in Figure 27. 



4.913 

4.724 


3.278 


0.400 

0 


Figure 27. Nuclear Levels of Th C". The numbers on the left indicate the 
percentage of particles in each group; the numbers on the right, the energj’ above 
the ground level. 


Since we have five levels, there are ten possible combi- 
nations. Of these, six have actually been observed as 
7 -rays, as shown in Table 25. The agreement is complete 
within the limits of experimental accuracy. 


Table 25 

POSSIBLE COMBINATIONS BETWEEN NUCLEAR LEVELS OF Th 


Combination 

Calculated lip 

Observed hv 

Designation 

Q/g — OC4 

0.194 

— 

— 

eX5 as 

1.640 

— 

— 

as —*■ a2 

4.518 

4.511 

71 

as — >■ ai 

4.918 

— 

— 

ai —*■ as 

1.446 

— 

— 

a4 a2 

4.324 

4.317 

72 

a4 ^ ai 

4.724 ! 

4.709 

73 

as a-i 

2.878 

2.869 

74 

as — ai 

3.278 

3.267 

75 

ag —*■ ai 

0.400 

0.399 

76 
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Let ns now consider the intensity relations. From the 
number of particles indicated in the diagram (Figure 27 ), 
the number p of processes per disintegration for the six 
transitions yi, 72, yz, 74, 75? 76 must sat’sfy the relations: 

Pi = 0.011 

Pz Pz — 0.0016 
Pi + Pz = 0.018 

- Pi — Pz — 2>4 + Pe = 0.698 (IV, 40) 

Here, however, we have disregarded a possible transition 
0:5 —4 (Xi, which cannot be observed on account of its very 
low frequency. From Table 23 we can take the experi- 
mental values of axPi- By means of the formula for the 
conversion coefficient, we can, on the basis of the two 
hypotheses of dipole and quadrupole radiation, deduce the 
corresponding values of p,-. 


Table 26 

INTENSITIES OF 7-RAY LINES OF ThC — ThC" 


Line 

1 pa X 104 

Calculated a 

Calculated p X 10^ 

Dipole 

Quadrupole 

Dipole 

Quadrupole 

71 

2.2 

0.0095 

0.029 

2.3 

0.76 

72 

2.2 

0.0102 

0.032 

2.2 

0.69 - 

73 

0.9 

0.0088 

0.027 

1,0 

0.33 

74 

28 

0.0176 

0.113 

16 

2.5 

7fi 

6.1 

0.0149 

0.075 

4.1 

0.81 


The calculated values of p, satisfy relations (IV, 40 ) 
with sufficient accuracy if the lines 72, 73, 74, 75 are assumed 
to be emitted by quadrupole radiation, whereas no agree- 
ment can be obtained on the assumption of dipole radiation. 
No decision can be reached for the line 71. 

It thus appears that most of the 7-ray lines of the 
Th C Th C" transition are due to quadrupole radiation. 
Attempts have been made to assign values of J, the angular 
momentum, or spin, to the various nuclear levels, but this 
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assignment is still questionable. Dipole radiation can 
induce transitions only where AJ = 0, -b 1, whereas quad- 
rupole radiation can cause transitions also where AJ = ± 2. 

Process 2: Th C 4 Th C' 

As in the next disintegration of the series, Th C' — » Th D, 
we have two groups of long-range a-particles, we must 
assume that the Th C' nucleus can be left in at least two 
excited states. Two of the three possible transitions 
between the two excited states and the ground state are 
observed as y-rays. 

In regard to intensities, it is found that the ratio of 
probability of the two alternative processes, the emission of 
a long-range a-particle and the emission of a y-quantum, is 
of the order of 10“® for the transition of 18 • 10“ EV. This, 
as discussed in section 4, is the only method available at the 
present time for evaluating the mean life of a y-ray 
emission. 

Process 3: Ra C Ra C' 

This case is similar to the preceding one, except that the 
a-ray groups and the y-rays appear in much larger number 
than for Th C. Consequently there is still some uncer- 
tainty in the interpretation of the y-ray spectrum. It is 
fairly well established, however, that the y-ray transition 
of 6.07 ■ 10® EV corresponds to the first long-range a-particle 
group (6.08-10® EV), whereas the forbidden transition of 
14.14 • 10® EV corresponds to the third group (14.12 • 10® EV). 
For the latter level, the ratio betw'een the number of long- 
range a-particles and the number of y-rays — or, rather, the 
number of conversion transitions — is about 10“^, whereas, 
for the other transition in question, the ratio is of the order 
of 10-®. 


Processes 4- Ra C' — > Ra D and Th C' — > Th D 
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The a-particles of Ra C' and Th C' do not show any 
groups of energy lower than normal. We conclude that, 
since the product nuclei are always left in the normal state, 
no 7 -rays correspond to these disintegrations. A similar 
conclusion applies, also, to other disintegrations where no 
structure of the a-particles is observed — such as the 
disintegrations of Rn and Ra A. 

Process 5: Th B Th C 

We have here a case of excitation of the product nucleus 
through a process of /3-disintegration. The level diagram is 
still uncertain, but an apparent combination relation be- 
tween the 7 -frequencies, as given in Table 21, exists: 

1.147 + 2.990 = 4.137 
2,379 -f 1.757 = 4.136 

The 7 -ray of 2.379 • 10® EV appears to be due to quad- 
rupole radiation, as the assumption of a dipole radiation 
would give more than one quantum per disintegration. 

/3 

Process 6: Ra B — > Ra C 

This case is similar to the preceding one. From the 
frequencies given in Table 18, it follows that the sum of the 
two frequencies 0.529 and 2.406 is approximately equal to a 
third frequency, 2.937. 

The conversion coefficient has been determined with 
sufficient accuracy for the lines of energies 2.406-10® EV, 
2.937 ■ 10® EV, and 3.499 • 10® EV, and indicates in each case 
a quadrupole radiation. 

Process 7: Th C" Th D 

No combination relation exists between the four observed 
frequencies. The intensity of the 7 -ray line of 26.20-10® 
EV corresponds to one quantum per disintegration, and 
the conversion coefficient indicates quadrupole radiation. 
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A possible level diagram proposed by Ellis is shown in 
Figure 29. (See page 150.) 

7. Primary |8-ray spectra. The emission of the primary 
iS-rays presents some of the most difficult problems in 
radioactivity. For a long time the secondary electrons 
produced by internal conversion were mistaken for the 
disintegration electrons, which were later shown by 
Chadwick to have a continuous velocity distribution. 
Measurements performed with different substances indicate 
that the number of nuclear electrons is, within the limits of 
experimental accuracy, one per disintegration. The num- 
ber of conversion electrons, as we have seen, is usually much 
smaller. 

The distribution of the disintegration electrons as a 
function of the energy or of Hp, which is proportional to the 
momentum, has been the object of many investigations; 
however, the findings are still inadequate, especially so far 
as the behavior at low energies is concerned. The lack is 
due to considerable experimental difficulties — for example, 
the scattering of electrons with loss of energy by the 
materials which support the radioactive source. Conse- 
quently it has not been possible to ascertain whether there 
is a definite lower velocity limit in the continuous distri- 
bution, or whether the distribution extends to zero velocity. 

Otherwise, the distribution curves have been measured 
fairly accurately for several substances. The observations 
are due mainly to Ellis and Wooster; Madgwick; Gurney 
and Sargent;^® and to Henderson.^^ The general result is 
that all curves are similar, showing a maximum and then 
decreasing to zero for a well-defined energy. This upper 
limit of the energy is the best-known and probably the most 
important datum concerning a /3-ray spectrum; according to 
present theories, it gives the total disintegration energy (see 
Chapter V, section 6). 

Ellis and Mott, Proc. Roy. Soc., 141 , 502 (1933); Ellis, Internat. Conf. on 
Pliys., London (1934). ' 

Sargent, Proc. Roy. Soc., 139, 659 (1933). 

Henderson, Proc. Roy. Soc., 147, 572 (1934). 
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Some energy distributions of the /S-ray spectra are shown 
in Figure 28. 



Figure 28 . Primary Beta-Ray Spectra. 


Table 27 gives the upper limit of the energy and oi Hp 
for the substances for which measurements are available. 
The values marked with an asterisk have not been deter- 
mined directly by means of magnetic deflection, but have 
been deduced from the absorption curves. 


Table 27 

UPPER ENERGY LIMIT OF /S-RAY SPECTRA 


Substance 

(Rp)inax. 

^max. 

X 10-s EV 

Substance 

(^lp)max. 

Emax. 

X 10-5 EV 

U X 2 

9,200* 

22.9 

ThB 

2,300 

3.5 

Ra B 

3,500 

6.5 

The ; 

9,030 

22.5 

Ra C 

12,000 

31.3 

Th C" 

7,450 

17.9 

Ra E 

4,900 

10.5 

Ac B 

3,400* 

6.3 

Ms Tha 

6,800 

16.0 

Ac 

6,140* 

14.1 


Between the maximum energy of the d-rays and the mean 
life a relation exists, although it is not so simple as in the 
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case of a-disintegration. However, we shall postpone the 
discussion of this relation to Chapter VI, section 6, where 
the problem will be considered from the theoretical 
standpoint. 

In many cases the process of jS-disintegration leaves the 
product nucleus in excited states, as shown by the subse- 
quent emission of 7-rays. In such cases the energy distri- 
bution of the /3-ray spectrum is more complicated; it consists 
of a superposition of different curves, each one of which 
corresponds to a certain total energy available for the 
/3-process. However, the observations are not sufficiently 
accurate to distinguish the complex distributions from the 
simple ones, which occur when no excitation of the product 
nucleus takes place (RaE) — ^much less to analyze the 
complex distributions into a sum of simple distributions. 
Consequently no information on the quantum states of the 
product nucleus can be deduced from the primary j3-ray 
spectrum. 

The fact that in the process of /S-decay (in contrast to all 
other atomic and nuclear phenomena, and particularly to 
a-decay) apparently no well-defined amount of energj^ is 
released, still constitutes the most difficult problem of 
nuclear physics. This hypothesis was once proposed; the 
energy transferred to the primary electron is alw’'ays the 
same, and equal to the maximum energy observed, but part 
is lost in secondary processes. That assumption has been 
directly disproved, however, by experiments performed by 
Ellis and Wooster and by Meitner and Orthmann.'*® In 
these experiments, the average energy released per disinte- 
gration (in the case of Ra E) was measured by means of a 
microcalorimeter whose walls were sufficiently thick to 
absorb all the emitted electrons. If in each disintegration a 
total energy equal to the maximum observed energy of the 
/3-rays (for Ra E, 10.5 • 10® EV) is emitted, part of the energy 


« Ellis and Wooster, Proc. Roy. Soc., 117, 109 (1927). 
Meitner and Orthmann, Z. Phj'S., 60, 143 (1930). 
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later being lost (for example, in impacts against external 
electrons of the atom), then a calorimetric measurement 
should give an average energy per atom equal to the 
indicated maximum. The measurements gave instead, as 
an average energy for Ra E, 3.4-10^ EV — a result that is in 
very close agreement with the average value deduced from 
the distribution curve. Hence we must conclude that, if 
the total energy released in each disintegration is equal to 
the maximum energy of the /3-rays, part of it is emitted in a 
form which is not absorbed in the calorimeter. 

Once it has been ascertained that the electrons are 
emitted from the nucleus with continuously variable energy, 
and, on the other hand, that all phenomena concerning the 
a- and 7 -ray spectra show the existence of nuclei in perfectly 
defined quantum levels, we can formulate two hypotheses ; 
(a) Energy conservation does not hold — that is, whereas the 
energy of the initial nucleus and the energy of the product 
nucleus have perfectly well-defined values, the energy 
emitted in the /S-decay is not equal to their difference. 
(&) Energy conservation does hold, but in the process of 
/3-decay, part of the energy is emitted in the form of still 
undetected radiations. 

The first hypothesis, proposed by Bohr, would upset the 
basis of the present theories, since it would make impossible 
the treatment of nuclear phenomena in the scheme of 
quantum mechanics. Today, however, the second hy- 
pothesis is preferred, although it admits the existence of a 
new and still undetected type of radiation. This radiation, 
according to Pauli, may consist of particles which, devoid of 
electric charge and of very small (perhaps zero) mass, would 
have practically no interaction with matter and therefore 
could not be observed. This hypothetical particle is called 
a neutrino. In each jS-decay process an electron and a 
neutrino are assumed to be simultaneously emitted, and the 
constant total energy available distributed in a continuous 
manner between the two particles. 
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Fermi, developing the hypothesis of Pauli, has con- 
structed a theory in which the emission of an electron- 
neutrino pair is associated with the transformation of a 
nuclear neutron into a proton; he was able to explain, at 
least qualitatively, the shape of the energy distribution of 
the primary electrons on simple assumptions and in 
agreement with the general principles of quantum me- 
chanics. This theory will be discussed in Chapter V, 
section 6. 

On the basis of the neutrino hypothesis, the disintegration 
energy would correspond to the maximum energj" of the 
j8-rays; this maximum energy would occur w'hen the 
neutrino was emitted with zero velocity. To obtain the 
total disintegration energy, we must add the self-energy of 
the electron mc^, and, if the neutrino mass m is different from 
zero, also the self-energy 

With these considerations on |8-deeay and on the a- and 
7 -ray spectra, we shall now analyze in detail the energy 
balance of the transition Th C — > Th D, which can occur in 
two different ways: through the branch C C' — s- D, and 
through the branch C — > C” D. The total energy 
emitted must be the same in both processes. 

The clearest case is that of the Th C — > C' D process. 
The upper limit of the i3-ray spectrum of Th C corresponds 
to a transition to the ground level of Th C', as the corre- 
sponding 7 -ray lines are weakly excited. To the maximum 
energy of 22.5-10® EV, we must add the a-disintegration 
energy of Th C' Th D, which is 89.47-10® EV. The 
total energy emitted in this branch amounts to 
111.97-10® EV. 

In the other branch, we must first consider the a-dis- 
integration energy of Th C, which is 62.00-10® EV. We 
must now add the upper energy limit of the (3-rays of 
Th C", which is 17.9 - 10® EV. This upper limit, however, 
corresponds to a transition to an excited level of Th D ; for 
example, one quantum per disintegration of the 7 -ray line 
of 26.2 - 10® EV is emitted in each disintegration. 
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According to a level diagram of Th D proposed by 
Ellis (Figure 29), the total energy emitted in the form of 
Y-rays in the Th C" Th D disintegration is 32.02 • 10^ EV. 
On that h 3 ^othesis, we find as the total energy emitted in 

thebranch The ^Dthevaluelll.92-l6®EY, which 

is in close agreement with the former result. The as- 
sumption that the upper limit of the /3-ray spectrum gives 
the total disintegration energy thus leads, in this case, to 
consistent results. 


Ellis, Internat. Conf. on Phys., London (1934). 



CHAPTER V 


General Properties of Nuclei and the Theory 
of Nuclear Structure 

1. Isotopic composition of the elements. In the pre- 
ceding chapters we considered only the phenomena con- 
nected with the radioactive elements. We shall now discuss 
the nuclear properties of the ordinary stable elements. 

We shall first consider the isotopic composition of the 
stable elements, which has been investigated chiefly by 
mass spectrograph methods and only in a few cases through 
spectroscopic effects. 

The mass-spectrum analysis originates from the classical 
work of J. J. Thomson on the electric and magnetic deflec- 
tion of positive rays . A beam of positive ions produced by a 
discharge in a rarified gas was registered on a photographic 
plate placed at a right angle to the beam. Parallel electric 
and magnetic fields of uniform strength, E and H, respec- 
tively, were then applied to the beam for a certain length of 
its path. The deflections due to the two types of fields are, 
in this case, perpendicular to each other. It is easily seen 
that, for small deflecting angles, the electric deflection x is 
proportional to Eelmv^, whereas the magnetic deflection y 
is proportional to Heimv. Consequently the locus of all the 
particles of the same specific charge ejm on the photographic 
plate is a curve where 

y2 

— = constant 

X 

that is, a parabola. 

These g^arabolas were obtained by Thomson for different 
gases, and showed the presence of several values of ejm 
corresponding to various singly or multiply charged atomic 
or molecular ions. The analysis of neon showed the pres- 

For a more extensive discussion of the subject of this chapter, see Bethe 
and Bacher, Nuclear Physics, A: Stationary States of Nuclei. Reviews of 
Modern Physics, 8, 82-229 (1936). 
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ence of two types of ions with 10 per cent difference in value 
of ejm, which was interpreted as being due to two isotopes of 
this element. This was the first evidence of isotopes in ele- 
ments not involved in radioactive disintegration. 

The method was considerably improved by Aston, who 
succeeded in focusing all the ions with the same value of eim 
and different velocities (within a certain range) to a single 
spot on the photographic plate. This apparatus, called a 
mass spectrograph, employs a complicated arrangement of 
electric and magnetic fields. Aston analyzed with his mass 
spectrograph a large number of the existing elements and 
found that many of them were complex, consisting of two 
or more isotopes. 

When another type of mass spectrograph, designed by 
Dempster, is used, the ions are produced in a nearly field- 
free region — for example, by the impact of electrons emitted 
by a hot cathode, and then accelerated through a well- 
defined potential drop. Hence the ions are practically 
homogeneous in velocity. Thus the ion beam can be 
analyzed simply by means of a magnetic field through the 
semicircular focusing arrangement already described for the 
iS-rays. In the case of metals which have a very low vapor 
pressure (such as the platinum group metals), Dempster 
used successfully as an ion source a condensed spark. 

The work done by the mass spectrograph method includes 
the detection of the isotopes present in a given element and 
the measurement of their relative abundance, whereas other 
investigations aim to measure the masses with sufficient 
accuracy to detect the slight departures of the atomic weights 
from integral numbers. In the present section we shall 
describe the results obtained in the first of these two fields. 

As we have many times pointed out, the mass of each 
isotope is found to be approximately represented by an 
integral number when the atomic weight of oxygen is taken 
as 16. We call this integral number the mass number of the 
isotope, which is completely defined when its atomic 
number and mass number have been designated. These 
two quantities are usually indicated by two index numbers 
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following the symbol of the element — the atomic number 
as a subscript and the mass number as a superscript. 

The results of the study of the isotopic composition of the 
elements are contained in the diagram of Figures 30, 31, 



Figure 30. Isotopes in the Proton-Neutron Scheme: Part 1. The diagram of 
Figures 30, 31, and 32 contains a few doubtful isotopes. It includes also many 
unstable isotopes that either belong to the natural radioactive series or are produced 
by means of artificial disintegrations. Unstable isotopes are indicated by squares; 
stable isotopes are designated by circles, half-dots, or full dots, according to whether 
their abundance is lower than 5 per cent, between 5 and 20 per cent, or higher than 
20 per cent. Isobaric lines are indicated every ten units. 
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and 32 (see pages 154, 155, and 156), where all the isotopes 
known are represented. As abscissae we have plotted the 
atomic number Z, and as ordinates, the difference between 
the mass number and the atomic number, xV = A — ZJ'’> 
According to present ideas on the constitution of nuclei, Z 



Another useful scheme, suggested by Harkins, consists of plotting the 
difference A — 2Z against the atomic nrimber. The quantity A — 2Z, called 
the isotopic nv/rribeTj represents the difference between the number of neutrons 
and the number of protons in the nucleus. 
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and N are, respectively, the numbers of the two sped 
of constituent particles of the nucleus, protons and neutron 
Table 28 gives a complete list of the stable isotop' 
observed and their relative abundance/® Doubtful isotopi 
are indicated in parentheses. 



Figure 32. Isotopes in tlie Proton-Neutron Scheme: Part 3. 

For complete information, see Mattaucli, Phys. Z., 35, 567 (1934). 
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Table 28 


STABLE ISOTOPES OF THE ELEJvIENTS 


Element 

Z 

A 

Relative 

Abundance 

Element 

Z 

A 

Relative 

Abundance 

H 

1 

1 

99.98 

Ca 

20 

40 : 

96.76 



2 

0.02 



42 ! 

0.77 



3 

/^10-« 



43 ! 

0.17 

He 

2 

4 

— 



44 

2.30 

Li 

3 

6 

7.9 

Sc 

21 

45 

— 



7 

92.1 

Ti 

22 

46 

8.5 

Be 

4 

9 

— 



47 

7.8 

B 

5 

10 

20.6 



48 

78.3 



11 

79.4 



49 

5.5 

C 

6 

12 

99 



50 

6.9 



13 

'^l 

V 

23 

51 

— 

N 

7 

14 

99.7 

Cr 

24 

50 

4.9 



15 

0.3 



52 

81.6 

0 

8 

16 

99.76 



53 

10.4 



17 

0.04 



54 

3.1 



18 

0.20 

Mn 

25 

55 

— 

P 

9 

19 

— 

Fe 

26 

54 

6.5 

Ne 

10 

20 

90.00 



56 

90.2 



21 

0.27 



j 57 

2.8 



22 

9.73 



1 58 

0.5 

Na 

11 

23 

— 

Co 

27 

59 

— 

Mg 

12 

24 

77.4 

Ni i 

28 

58 

68.1 


25 

11.5 



60 

27.2 



26 

11.1 



(61) 

— 

A1 

13 

27 ! 

— 



62 

i 3.8 

Si 

14 

28 

89.6 



64 

0.9 



29 

6.2 

Cu 

29 

63 

68 



30 

4.2 



65 

32 

P 

15 

31 

— 

Zn 

30 

64 

50.4 

S 

16 

32 

97.0 



66 

27.2 



33 

0.8 



67 

4.2 



34 

2.2 



68 

17.8 

Cl 

17 

35 

76 



70 

0.4 



37 

24 

Ga 

31 

69 

61.5 

A 

18 

36 

0.34 



71 

38.5 



38 

0.07 

Ge 

32 

70 

21.2 



40 

99.59 



72 

27.3 

K 

19 

39 

93.2 



73 

7.9 



40 

0.012 



74 

37.1 



41 

6.8 



76 

6.5 





As 

33 

75 

— 
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Table 28 {Continued) 

STABLE ISOTOPES OF THE ELEMENTS 


Element 

Z 

A 

Relative 

Abundance 

Element 

Z 

A 

Relative 

Abundance 

Se 

34 

74 

0.9 

Eh 

45 

103 





76 

9.5 

Pd 

46 

102 

w. 



77 

8.3 



104 

s. 



78 

24.0 



105 

s. 



80 

48.0 



106 

s. 



82 

9.3 



108 

s. 

Br 

35 

79 

51.4 



110 

s. 



81 

48.6 

Ag 

47 

107 

52.2 

Er 

36 

78 

0.42 



109 

47.6 



80 

2.45 

Cd 

48 

106 

1.5 



82 

11.79 



108 

1.0 



83 

11.79 



110 

15.2 



84 

56.85 



111 

15.2 



86 

16.70 



112 

21.8 

Eb 

37 

85 

72.7 



113 

14.9 



87 

27.3 



114 

23.7 

Sr 

38 

84 

0.5 



116 

15.9 



86 

9.6 

In 

49 

113 

4.5 



87 

7.5 



115 

95.5 



88 

82.4 

Sn 

50 

112 

1.1 

Y 

39 

89 

— 



114 

0.8 

Zr 

40 

90 

48 



115 

0.4 



91 

11.5 



116 

15.5 



92 

22 



117 

9.1 



1 94 

17 



118 

22.5 



96 

1.5 



119 

9.8 

Nb 

41 

93 

— 



120 

28.5 

Mo 

42 

92 

' 14.2 



122 

5.5 



94 

10.0 



124 

6.8 



95 

15.5 

Sb 

51 

121 

56 



96 

17.8 



123 

44 



97 

1 9.6 

Te 

52 

120 

w. 

j 


98 

56.0 



122 

2.9 



100 

9.8 



123 

1.6 

Ma 

43 

— 

— 



124 

4.5 

Eu 

44 

96 

5 



125 

6.0 



98 

— 



126 

19.0 



99 

12 



128 

32.8 



100 

14 



130 

33.1 



101 

22 

I 

53 

127 

— 



102 

30 







104 

17 
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Table 28 (Contimud) 


STABLE ISOTOPES OF THE ELEMENTS 


Element 


A 

Relative 

Abundance 

Element 


A 

Relative 

Abundance 

Xe 

54 

124 

0.08 

Gd 

64 

155 

21 



126 

0.08 



156 

23 



128 

2.30 



157 

17 



129 

27.13 



158 

23 



130 

4.18 



160 

16 



131 

20.67 

Tb 

65 

159 

— 



132 

26.45 

Dy 

66 

161 

22 



134 

10.31 



162 

25 



136 

8.79 



163 

25 

Cs 

55 

133 

— 



164 

28 

Ba 

56 

130 

v.w. 

Ho 

67 

165 




132 

v,w. 

Er 

68 

166 

36 



134 

w. 



167 

24 



135 

w. 



168 

30 



136 

w. 



170 

10 



137 

w. 

Tm 

69 

169 

— 



138 

s. 

Yb 

70 

171 

9 

La 

57 

139 

— 



172 

24 

Ce 

58 

136 

w. 



173 

17 



138 

u\ 



174 

, 38 



140 

89 



; 176 

12 



142 

11 

Lu 

71 

175 

— 

Pr 

59 

141 

— 

Hf 

72 

176 

5 

Nd 

60 

142 

36 



177 

19 



143 

11 



178 

28 



144 

30 



179 

18 



145 

5 



180 

30 



146 

18 

Ta 

73 

181 

— 

— 

61 

— 

— 

W 

74 

182 

22.6 

Sm 

62 

144 

3 



183 

17.3 



147 

17 



184 

30.2 



148 

14 



186 

29.9 



149 

15 

Re 

75 

185 

3S.2 



150 

5 



187 

61.8 



152 

26 

Os 

76 

186 

1.0 



154 

20 



187 

0.6 

Eu 

63 

151 

50.6 



188 

13.4 



153 

49.4 



189 

17.4 







190 

25.1 







192 

42.5 





Ir 

77 

191 

s. 







193 
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Table 28 {Continued) 

STABLE ISOTOPES OF THE ELEMENTS 


Element 

z 

A 

Relative 

Abundance 

Element 

z 

A 

Relative 

Abundance 

Pt 

78 

192 

v.w. 

T1 

81 

203 

30.5 



194 

s. 



205 

69.5 



195 

s. 

Pb 

82 

(203) 

0.04 



196 

s. 



204 

1.50 



198 

w. 



(205) 

0.03 

Au 

79 

197 




206 

28.0 

Hg 

80 

196 

0.1 



207 

20.4 



198 

9.9 



208 

50.1 


! 

199 

16.4 

Bi 

S3 

209 

— 



200 

23.8 

Th 

90 

232 

— 



201 

13.0 

U 

92 

235 

<1 



202 

29.3 



238 

>99 



203 

^0.006 







204 

6.8 

1 





An inspection of the table of isotopes and a consideration 
of their abundance in the earth's crust (which results from 
two factors; abundance of a given element, and abundance 
of a particular isotope within the element) suggest the 
following general conclusions. 

(a) The elements with an even atomic number usually 
possess a much larger number of isotopes than do the 
elements with an odd atomic number. The elements of odd 
atomic number almost never possess more than two stable 
isotopes. 

Q}) The number of nuclei with even values of N is much 
larger than the number of nuclei with odd values of N. 
Nuclei with odd values both of Z and of N are extremely 
rare. Actually, only four stable isotopes of this kind are 
known: Li«, N'h 

(c) A study of the abundance of the elements in the earth 
leads to the conclusion that elements of even atomic number 
constitute about 87 per cent of the earth’s crust. These 
elements consist, for the largest part, of isotopes of even 
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mass number, as the isotopes of odd at omic weight are both 
less numerous and less abundant. Consequently nuclei 
consisting of an even number of neutrons and protons 
appear to constitute a large fraction of all existing matter. 

(d) Frequent cases of isobars occur — that is, nuclei having 
the same mass number but a different atomic number. In 
the diagram of Figures 30, 31, and 32, these nuclei lie on a 
line at an angle of 45° to the axes. It is, however, im- 
portant to observe that, whereas isobars usually differ by 
two or more units in atomic number, stable isobaric pairs 
differing by only one unit in atomic number are exceedingly 
rare. The few well-established exceptions are the following 
pairs : 

(e) The existing nuclei are not scattered at random on the 
surface of the neutron-proton diagram, but are contained 
within a rather narrow region. In other words, the mass 
number is roughly a function of the atomic number. For 
light elements, the mass number is approximately twice 
the atomic number; for heavy elements, it is somewhat 
higher. 

A few isotopes have been discovered by spectroscopic 
methods, mostly through the study of the spectra of 
diatomic molecules. As the two nuclei of a given element 
are bound in a molecule with the same force, independent 
of the mass, the vibration frequency will be inversely 
proportional to the square root of the mass ; or, if the two 
constituent nuclei of the molecule are different, the mbra- 
tion frequency will be inversely proportional to the square 
root of the reduced mass 

mM 
m -b M 

Consequently a large isotopic effect may be observed in 
the vibrational terms of band spectra. Another large 
isotopic effect exists in the rotational terms, the rotational 
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constant being 

¥ 

Stt*/ 

where I, the moment of inertia, is proportional to the 
reduced mass and therefore different for molecules of 
different isotopic composition. 

The observation of these isotopic effects in band spectra 
led to the discovery of new isotopes of the most common 
elements (C^®, 0^^ O^®), which had not been revealed 

through the mass-spectrum analysis on account of their 
very low abundance. However, the most significant dis- 
covery of a new isotope by spectroscopic methods was the 
discovery of a hydrogen isotope of mass 2 by Urey, Brick- 
wedde, and Murphy (1932). This isotope has received the 
name deuterium, and its nucleus is called the deuteron. The 
isotope was discovered from observations of the B aimer 
spectrum, where a small isotopic effect has been found due 
to the fact that the Rydberg constant contains as a factor 
the reduced mass of the electron-nucleus system. 

We shall now consider briefly the problem of the separa- 
tion of isotopes. The natural elements always show the 
same isotopic composition — whatever their origin — with the 
exception of the products of radioactive disintegrations. 
For example, lead extracted from uranium minerals consists 
of the almost pure isotope Pb®“®; whereas lead from thorium 
minerals is almost pure Pb®®®. These are the final stable 
products of the two radioactive series. 

For all other elements there arises the problem of 
artificial separation of the isotopes. Although the complete 
solution to this problem is important in nuclear physics, up 
to the present time adequate results have been attained only 
in a very few cases. Hertz,®® by an ingenious application 
of the principle that the different isotopes of a gas diffuse 

*®“Giaiique and Johnston, Phys. Rev., 34, 640 (1929); Nature, 123, 831 
(1929); Birge, Phys. Rev., 34, 379 (1929); Naude, Phys. Rev., 36, 333 (1930). 

See Parkas, Light and Heavy Hydrogen, Cambridge (1935). 

“ Hertz, Z. Phys., 79, 108 (1932). 
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with slightly different velocities, has succeeded in obtaining, 
in a few cases, a complete separation. For example, the 
isotopes of neon Ne^® and Ne®^ have been isolated in- a 
practically pure state. Other promising attempts to effect 
a separation of isotopes are being made by means of 
fractional distillation.®®® 

Another method of separation, very simple in principle 
but difficult to apply, consists of collecting the separated 
isotopes in a mass spectrograph. The main difficulty is 
in producing ion currents strong enough to accumulate an 
appreciable amount of the substance within a reasonable 
time. However, recently the isotopes of lithium have 
been separated in sufficient amount to be used for artificial 
disintegration experiments. (See Chapter VI, section 9.) 

A method of separation that is quite different from the 
above-mentioned ones but whose mechanism is not com- 
pletely understood, has been applied to hydrogen, where the 
heavy isotope is contained in the proportion of about one 
part in five thousand. If a large amount of water is 
electrolyzed until only a very small residue is left, the latter 
is found to consist largely of molecules of heavy water 
(water molecules in which one or two of the hydrogen atoms 
have been replaced by deuterium). This heavy water is 
now produced on an industrial scale and is being widely 
used in the fields of physics, chemistry, and biology. 
Deuterium is an important substance in effecting artificial 
disintegrations (see Chapter VI) . 

2. Mass defects. We shall now direct our attention to 
the departure of the atomic weights of the isotopes from 
integral numbers when referred to a unit, which we shall 
take equal to one-sixteenth of the mass of the isotope of 
oxygen of mass number 16. Because of the presence of the 
isotopes of oxygen of mass 17 and 18, this scale of atomic 
weights does not coincide with the scale used in chemistry.®’® 

Pegram, Prey, and Huffman, Phys. Rev., 49, S83 (193(>). 

Oliphant, Shire, and Crowther, Proc. Roy. Soc., 146, 922 (1934); Rum- 
bangh, Phys. Rev., 49, 882 (1936). 

In our scale, the atomic weight of ordinary oxygen is 16.0044. 
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Since all nuclei are supposed to consist of a number of 
elementary particles, it is extremely important to measure 
the difference between the mass of the nucleus and the sum 
of the masses of all its constituent particles. This quantity, 
according to Einstein’s relation between mass and energy, 
represents the energy released in building up the nucleus 
from its elementary constituents. However, since the 
masses of the elementary particles are not known with 
sufficient accuracy, we state the mass defects — ^that is, the 
differences of the atomic weights from whole numbers in 
the above-mentioned scale. Once the masses of the ele- 
mentary constituents in this scale are known, it is easy to 
convert the mass defects into the energies released in 
building up the nucleus from the elementary constituent 
particles. 

Accurate measurement of the masses has been carried out 
by Aston and by Bainbridge,®® the latter having made 
special investigations of the light elements. The accuracy 
of the measurements is of the order of one part in a hundred 
thousand. The general trend of the mass defect as a 
function of the atomic number is represented in the diagram 
of Figure 33, where we have plotted the mass defect divided 
by the atomic weight, or packing fraction, the unit being one 



Aston, 'Nature, 135, 541 (1935); ibid., 137, 357, 613 (1936). 

“ Bainbridge, Pbys. Eev., 42, 1 (1932); 43, 103, 378, 424; 44, 56, 57, 123 
(1933). 
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ten-thousandth of a mass unit. The values of the packing 
fraction for the various nuclei lie approximately on a smooth 
curve, which starts from very high values for the lightest 
elements, reaches a minimum for elements of medium 
atomic weight, and then increases slowly toward the end 
of the periodic system. 

The masses of the light elements only have been measured 
accurately enough to supply data for a comparison of their 
values with the energies released in disintegration processes. 
When this comparison was made for the first time, it was 
found that the energy released in some nuclear reactions 
agreed with the mass spectrograph data of Bainbridge and 
Aston; whereas in other cases a considerable discrepancy 
was found. Bethe and Oliphant, Kempton, and Ruther- 
ford® independently pointed out that the values of the 
masses determined bypass spectrograph measurements 
and the nuclear reaction energies could be brought into 
agreement if the mass spectrograph measurement of the 
mass ratio He : 0 was assumed to be in error. By con- 
veniently correcting this ratio, we can assign for the fight 
elements a system of masses which agrees closely with all 
disintegration data. 

Table 29 contains the values of the masses of the fight 


Table 29 

MASSES OF THE LIGHT ELEMENTS 


Isotope 

Mass 

Isotope 

Mass 

Isotope 

Mass 

016 

16.0000 


11.0150 

LF 

6.0170 

015 

15.0079 

B12 

12.0179 

He^ 

4.0040 

N16 

16.0066 


11.0128 


3.0171 

N15 

15.0049 

A B^® 

10.0160 

m 

3.0170 

N14 

14.0075 

Beio ^ 

10.0163 

H2 

2.0147 

N13 

13.0100 

Be® 1 

9.0149 


1.0081 

C14 

14.0078 

Be® 

8.0078 

n^ 

1.0090 

C13 

13.0076 

Lis 

8.0195 



C12 

12.0040 

LF 

7.0182 




Bethe, Phys. Eev., 47, 633 (1935). 

Oliphant, Kempton, and Rutherford, Proc. Boy. Soc., 150, 241 (1935). 
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elements, calculated from a recent revision by Bonner. 
These results are in very close agreement with new mass- 
spectrograph determinations by Bainbridge. The values 
given represent the mass of the whole atom — that is, they 
include the external electrons. Table 29 lists, also, the 
masses of several unstable nuclei produced in artificial 
disintegrations. 

3. Spin, magnetic moment, and statistics of nuclei. 
Besides the values of the electric charge and the mass, other 
important constants of stable nuclei which can be de- 
termined experimentally are: the angular momentum, the 
magnetic moment, and the type of statistics followed by the 
nucleus. These properties are revealed chiefly through 
their spectroscopic effects. 

In connection with the angular momentum, or spin, 
general considerations of quantum mechanics similar to 
those which apply to the electron system of the atom, lead 
to the conclusion that the angular momentum of the nucleus, 
resulting from the orbital and spin momenta of its con- 
stituent particles, must be represented by 

Ih 

27r 

where I is an integral or half-integral number. 

In the case of the atomic spectra, the nuclear spin I gives 
rise to a splitting of each spectral term into a set of slightly 
separated levels; this effect is known as a hyperjine struc- 
ture.^^ In certain cases this structure was observed for a 
long time (for example, in the spectrum of mercury), but its 
origin remained completely obscure until Pauli gave the 
correct explanation. 

The nuclear spin I so orients itself with respect to the 
total angular momentum of the atom J (resultant of the 
orbital and spin angular momenta of the electrons) that the 

“ Femai and SegrS, Z. Phys., 82, 729 (1933); Goudsmit, Phys. Rev., 43, 636 
(1933); Condon and Shortley, Theory of Atomic Spectra, p. 382 (Cambridge, 
1935). 
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resultant angular momentum is constant and has a value 

Eh 

2ir 

F being an integral or half-integral number. 

Following the usual rule for vector addition in quantum 
mechanics, the number of states resulting from a given I and 
a given J is either 2J -|- 1 or 2/ -|- 1 , according to whether I 
is smaller or larger than J. A small magnetic moment is 
always associated with the nuclear spin, and, because of the 
interaction of this magnetic moment with the magnetic 
field due to the motion of the electrons, the different states 
have slightly different energies. Thus arises the hyperfine 
structure separation of the levels. Then, for each spectral 
line, the number and relative intensities of the components 
can easily be predicted by means of the usual selection and 
intensity rules. Or, vice versa, from the number of 
components observed is found the value of the nuclear 
spin. 

It has been more difficult to deduce from the observed 
hyperfine structure separations the value of the nuclear 
magnetic moment; nevertheless, this problem recently has 
received a satisfactory solution in many cases. 

In the spectra of diatomic molecules, the presence of a 
nuclear spin gives rise to the alternating intensities 
observed in the successive rotational lines of a band. This 
may be either an electronic band observed in emission or 
absorption; or (as it is easier to observe experimentally in 
several cases) a pure rotation band in the spectrum of the 
scattered radiation (Raman effect). 

The theory of alternating intensities was first given by 
Heisenberg and rests upon the quantum-mechanical reso- 
nance phenomenon due to the presence of two identical 
particles — in this case, the two nuclei of the diatomic 
molecule. It can be shown that the ratio of the intensities 


" See Kronig, Band Spectra and Molecular Structure, Cambridge (1930). 
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of the strong and the weak lines is given by 

/+ 1 
7 

Thus a measurement of this intensity ratio enables us to 
find the value of the nuclear spin. If the nuclear spin is 
zero, alternate rotational lines are missing. 

In the case of hydrogen, where the nuclear spin (proton 
spin) is J = M, the ratio of the intensities is 3 : 1, the strong 
and weak lines resulting, respectively, from states in which 
the two proton spins are parallel or antiparallel. These 
two varieties of hydrogen, called, respectively, ortho- 
hydrogen and para-hydrogen,^^ can be separated, as the time 
of transition from one set of states to the other is extremely 
long on account of the small protonic magnetic moment. 

While the ratio of the intensities of the odd- and even- 
numbered rotational lines in a band depends upon the value 
of I, the other important characteristic (which set of 
rotational levels is weak and which is strong) depends upon 
another factor, the type of statistics that is followed by the 
particular nuclei. This fundamental property is related to 
the symmetry conditions which must be obeyed by the 
eigenfunctions of a system with many identical particles. 

If, by exchanging the two identical particles, the eigen- 
function of the system changes sign, more than one particle 
cannot exist in the same quantum state. In this case the 
Pauli exclusion principle holds, and we say that the particles 
follow the Permi statistics. If instead, by exchanging the 
two particles, the eigenfunction remains unchanged, the 
particles are said to follow the ' Bos e statistics. It can be 
proved that, for a particle consisting of elementary con- 
stituents, the Fermi or the Bose statistics hold, respectively, 
according to whether the number of elementary constituents 
satisfying the Fermi statistics is odd or even. This point 
will be clear if we imagine the exchange of the two complex 
particles to take place through the successive exchange of 
®®See Farkas, Light and Heavy Hydrogen, Cambridge (1935). 
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pairs of elementary particles. Each time that we exchange 
a pair of particles which satisfy the Bose statistics, the total 
eigenfunction remains unchanged; but each time that we 
exchange two particles satisfying the Fermi statistics, the 
eigenfunction changes sign. The above-mentioned result 
then follows immediately. 

This observation, as we shah see in the following section, 
leads to important conclusions in regard to the structure 
of the nucleus. 

The type of statistics followed by nuclei is known only for 
a few light elements. In most cases the information has 
been obtained through the investigation of molecular 
spectra; in the case of helium, information on the type of 
statistics is supplied also by experiments on the scattering 
of a-particles discussed in Chapter III, section 10. It has 
been found that the nuclei Li’^, satisfy the Fermi 
statistics ; whereas the nuclei H®, He^, 0^® satisfy the 

Bose statistics. Although the number of nuclei for which 
statistics is known is rather small, we might formulate the 
general rule that elements of even mass number satisfy the 
Bose statistics and elements of odd mass number satisfy 
the Fermi statistics. This law is in agreement with the 
present ideas on the constitution of nuclei. (See sections 4 
and 5 of this chapter.) 

Recently it has been found possible to determine the 
nuclear magnetic moment by means of an experiment of the 
Stern-Gerlach type. This method is used in cases where 
the spectroscopic method would be impracticable on account 
of the exceedingly small hyperfine structure separation. 
The method requires an extremely refined technique of 
molecular rays. The first result was the measurement of 
the proton moment by Stern and his associates ; Rabi and 
his associates carried out a more accurate and extensive 
investigation, which led to the measurement of the magni- 


Estermann, Frisch, and Stern, Nature, 132, 169 (1933); Estermann and 
Stem, ibid., 133, 911 (1934). 

See several papers by Rabi and his oo-workers in Phys. Rev^, 1933 to 1936. 
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tude and sign of the magnetic moments of the proton, the 
deuteron, and various other nuclei. 

Table 30 contains the values of the nuclear spins and 
magnetic moments which have been measured by spectro- 
scopic or molecular beam methods. The magnetic moments 
are expressed in units of nuclear magnetons: 

eh Mo 
4xMc ~ 1840 

Mo being the Bohr ihagneton, or magnetic moment of the 
electron. 

We might expect for the proton a magnetic moment equal 
to one nuclear magneton, as would be required if the proton, 
like the electron, obeyed Dirac’s relativistic wave equation. 
However, experiment shows a magnetic moment about 
three times larger. (See section 6 of this chapter.) 

Other conclusions which can be drawn from an inspection 
of Table 30 are the following. All isotopes of odd mass 
number have haif-integral spins; all isotopes of even mass 
number have integral spins and most of these are equal to 
zero.®“® (The importance of these facts in connection with 
theories of nuclear structure will be discussed in sections 
4 and 5 of this chapter.) Most magnetic moments are 
given as positive; by this we mean that the relative direc- 
ions of the magnetic moment and of the angular momentum 
are the same as for a rotating positive electric charge. A 
few magnetic moments are found to be negative. This is 
not surprising when we consider the nucleus as built up 
of many elementary particles, because we already know, 
from the discussion of atomic spectra, that for certain 
spectral terms the Land4 gr-factor may be negative. 

In certain eases (for example Bi, / = 9/2), it is found that 
the hyperfine structure components do not obey the simple 

““ Actually, for Z > 16, the only evidence we possess for atti'ibuting the 
value zero to a nuclear spin is the absence of observable hyperfine structure. 
This effect might take place, also, if the spin were different from zero but the 
magnetic moment were exceedingly small. 
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Table 30 


SPINS AND MAGNETIC MOMENTS OF NUCLEI 


Element 

Isotope 

Spin 

Magnetic 

Moment 

Element 

Isotope 

Spin 

Magnetic 

Moment 

1 H 

1 


2.85 

41 Nb 

93 

?2' 


H 

2 

1 

0.85 

48 Cd 

111, 113 


— 0.5 

2 He 

4 

0 


Cd 

110, 112, 



3 Li 

6 

1 

0.8 


114, 116 

0 


Li 

7 

% 

3.2 

49 In 

115 

94 

5.2 

6 C 

12 

0 


50 Sn 

117, 119 


-0.9 

7N 

14 

1 


51 Sb 

121 

y 

2 7 

80 

16 

0 


fSb 

123 

Vz 

2.1 

9 F 

19 

M 


531 

127 

y 


10 Ne 

20, 22 

0 


54 Xe 

129 

M 

-0.9 

11 Na 

23 

% 

2.1 

55 Cs 

133 

J4 

2.6 

13 A1 

27 


2.1 

56 Ba 

135, 137 

m) 

1.0 

15 P 

31 



57 La 

139 

y 

2.5 

16 S 

32 

0 


59 Pr 

141 

fi 


17 Cl 

35, 37 



63 Eu 

151, 153 

y 


19 K 

39 

% 

0.38 

65 Tb 

159 

y 


K 

41 

% 

0.22 

67 Ho 

165 

% 


21 Se 

45 

Vi 

3.6 

69 Tm 

169 

y 


23 V 

51 

Vi 


71 Lu 

175 

ji 


25 Mn 

55 



73 Ta 

181 

14 


27 Co 

59 

yt 

3.0 

75 Re 

185, 187 

y 


29 Cu 

63, 65 

y 

2.4 

78 Pt 

195 

H 


30 Zn 

64, 66, 68 

0 


79 Au 

197 



Zn 

67 


- 1.7 

SO Hg 

199 

H 

0.5 

31 Ga 

69 . 


2.1 

Hg 

201 

y 

-0.6 

Ga 

71 

% 

2.7 

Hg 

198, 200, 



33 As 

75 

y 

0.9 


202, 204 

0 


34 Se 

80 

0 


81 T1 

203, 205 

14 

1.4 

35 Br 

79, 81 

K 


82 Pb 

207 

H 

0.5 

36 Kr 

82, 84, 86 

0 


Pb 

204, 206, 



37 Rb 

85 


1.4 


208 

0 


Rb 

87 

% 

2.8 

83 Bi 

209 

y 

i 

38 Sr 

87 

^(?) 

-0.8 

91 Pa 

231 

y 

1 


interval rule expected from a nuclear magnetic moment.®^ 
These deviations from the interval rule are probably to be 
attributed to the effect of an electric quadrupole moment of 
the nucleus. 

Schiller and Schmidt, Phys. Z., 36, 812 (1935); Z. Phys., 98, 430 (1936). 
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Another nuclear effect in atomic spectra is the isotope 
shift.^^- It is found that the lines due to the different 
isotopes of an element do not have exactly the same 
frequency, even in the cases where the nuclear spin is zero 
and there is consequently no hyperfine structure. The 
frequency differences are generally a fraction of a wave 
number. This effect is observed also for very heavy 
elements and therefore cannot be due to the motion of the 
nucleus, as are the differences in the B aimer spectrum of 
hydrogen and deuterium (see section 4). The isotope shift 
can be well observed in the cases where separate isotopes are 
available: in neon, where a total artificial separation has 
been effected; in lead, where the isotopes 206 and 208 are 
available in an almost pure state from uranium and 
thorium minerals. 

The isotope shift can be qualitatively explained by 
taking into account the departure of the nuclear field from a 
Coulomb field at very short distances from the center of the 
nucleus. If we assume that the volume of the nucleus for 
different isotopes of an element is proportional to the 
atomic weight, we find between the electronic levels of the 
isotopes differences which are of the same order of magni- 
tude as the observed shifts. 

4. Elementary constituent particles of nuclei; the proton- 
electron h 3 q)othesis. On the basis of the evidence obtained 
from the phenomena of radioactive disintegration and from 
the properties of stable nuclei discussed in the preceding 
sections, and anticipating some results obtained from 
artificial disintegration, we shall begin our discussion of the 
fundamental problem of the constitution of nuclei. 

Until a few years ago the idea prevailed that the nucleus 
was built up of protons and electrons, with a-partieles as 
possible intermediate constituents. On the basis of this 
hypothesis, the mass number of a nucleus would be equal 
to the number of protons, whereas the number of electrons 

Schiller and Jones, Z. Phys., 7S, 563 (1932). 

“ Breit, Phys. Rev., 42, 348 (1932). 
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would be determined by the difference between the mass 
number and the nuclear charge. Although this hjT)othesis 
has now little more than the importance of historical 
interest, nevertheless we shall discuss it briefly, since 
interesting conclusions can be drawn from a consideration 
of the difficulties that are encountered on the above- 
mentioned assumption. 

On the hypothesis of a nucleus built of protons and 
electrons, the binding energy will correspond to the 
difference between the mass of the atom and an integral 
multiple of the weight of hydrogen. Por example, the mass 
defect of the a-particle is 29-10“* mass units, which 
corresponds to 27 MEV. This high value of the binding 
energy explains the great stability of the a-particle. The 
packing fraction for heavy nuclei does not vary to any great 
extent and is only slightly larger than that for the a- 
particle. This was explained by the assumption that the 
largest possible number of protons and electrons in nuclei 
were bound in a-particles, and that the interaction among 
the a-particles was much weaker than the interaction of the 
constituent particles within the a-particle itself. For 
elements of medium atomic weight, the average binding 
energy of the a-particle is of the order of 5 MEV. 

We now wish to make some theoretical observations on 
the order of magnitude of these binding energies. Let us 
disregard for a moment the supposed presence of electrons 
in the nucleus and consider only the heavy constituents, the 
protons. The velocities of the protons in the nucleus will 
be small compared with the velocity of light, as the nuclear 
radius is large compared with the proton Compton wave 
length hi Me. The order of magnitude of these velocities 
can be obtained as follows from the uncertainty principle. 

The uncertainty of the momentum Ap of a proton within 
the a-particle of radius ro is: 

h 
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Consequently the mean kinetic energy will be of the order of 


Since the total energy will, in general, be of the same order 
of magnitude, the mass defect of the a-particle will be of the 
order of four times the above expression. By introducing 
the experimental value of the radius of the a-particle, 
which we may take as equal to the classical electron radius 

— = 2.8-10-“ cm. 

mc^ 

we find a mass defect of the order of one one-hundredth of a 
mass unit, which is the right order of magnitude. 

Concepts based on quantum mechanics are not opposed to 
the assumption of the presence of protons in the nucleus; 
however, the supposed presence of electrons meets with 
considerable objection. The above-written uncertainty 
relation gives for electrons : 




If we admit, as is generally true unless we make several 
specific assumptions on the law of force, that the binding 
energy of an electron is of the order of magnitude of the 
mean kinetic energy, we find a packing fraction of about 
70 MEV per electron, which is in complete disagreement 
with experimental facts. Another fundamental difficulty 
appears from the standpoint of Dirac’s relativistic theory: 
if the binding energy of an electron is larger than 2md^, 
this electron can escape from the potential hole in a state of 
negative energy (Klein paradox) . 

These observations indicate that the assumed nuclear 
electrons do not follow the laws of quantum mechanics, and 
therefore should be treated on the basis of completely new 
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principles. This conclusion is strengthened when we take 
into account the spin and statistics properties of nuclei. 
Since both electrons and protons follow' the Fermi statistics, 
a nucleus should satisfy the Bose or Fermi statistics 
according to whether the total number of elementary 
constituent particles is even or odd. Further, as both the 
electron and the proton have a spin one-half, in analogy 
with the case of the atom we might conclude that the 
nuclear spin should have integral or half-integral values 
according to whether the nucleus contains an even or an odd 
number of particles. 

All of these conclusions, however, are contradicted by 
experiment. For example, on the above theory, the 
nucleus NJ* consisting of fourteen protons and seven 
electrons would have Fermi statistics and a half-integral 
spin; whereas an actual study of band spectra showed a spin 
one, and Rasetti’s investigation of the Raman spectrum 
indicated Bose statistics. As we have seen in the preceding 
section of this chapter, the statistics and spin properties 
appear to depend only upon the atomic weight, which, in 
the present scheme of the constitution of nuclei, means upon 
the number of protons. The electrons within the nucleus 
would thus lose their properties of determining the statistics 
and spin of the system. We would then have to ask 
ourselves: What do we mean by nuclear electrons, if these 
electrons do not show any of their characteristic properties, 
except that of representing a negative electric charge. On 
the other hand, however, it would have been almost 
impossible (before fundamentally new ideas were brought 
in by the discovery of the neutron) to explain the phe- 
nomenon of /3-decay without assuming the existence of 
nuclear electrons. 

Gamow attempted to develop a model of the nucleus 
where practically only the heavy particles (protons and 
a-p articles) were taken into consideration. He utilized 

M Rasetti, Z. Phys., 61, 598 (1930). 

^ Gamow, Atomic Nuclei and Radioactivity, Oxford (1931). 
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the fact that there is a large class of nuclear phenomena 
(a-decay, nuclear levels and emission of T-rays, artificial 
disintegrations) in which only the heavy particles seem to be 
directly concerned. Therefore it appeared adequate to 
describe these phenomena in accordance with the concepts 
of quantum mechanics. The theory of a-decay developed 
in Chapter IV is an example of this type of consideration. 

Gamow tried to find a type of interaction among the 
a-particles which could explain the empirical facts con- 
cerning the nuclear radius, the a-decay, and the mass defect 
as functions of the number of constituent particles. Evi- 
dently, in order that a system of a-particles may possess 
stability, we must assume that, at very short distances, the 
Coulomb forces are replaced by attractive forces,. Gamow 
assumed a finite radius of the a-particle, and attractive 
forces rapidly decreasing with distance and replaced at long 
distances by the Coulomb force. These conditions are 
similar to the ones prevailing in a liquid; consequently the 
nucleus will have a density approximately independent of 
the mass, and will be held together by a sort of surface 
tension, as is a drop of liquid. 

The energy of Gamow’s nuclear model as a function of the 
number V<, of a-particles is given by an expression of the 
type: 

£’ = - AN^+ BNH^ (V, 1) 

Here the first term, arising from the attractive forces, is 
proportional to N, as these forces act only between neigh- 
boring particles. On the other hand, the positive term 
arising from the Coulomb force increases more rapidly with 
an increase in the number of particles. It follows that, at a 
certain point, the addition of an a-particle requires an 
expenditure of energy, and therefore the nucleus becomes 
unstable by the spontaneous enoission of an a-particle. 

5. The proton-neutron hypothesis and the theory of 
exchange forces. We must now anticipate, with a brief 


Gamow, Ic. 
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outline, the detailed discussion of the properties of the 
neutron that is included in Chapter VI. 

The hypothesis of the existence of neutral particles in the 
nucleus had been advanced several times, but not until 1931 
was it experimentally confirmed by the discovery of the 
neutron. This particle is produced during the artificial 
disintegration of several light elements by a-particles, 
protons, or deuterons, and interacts with matter almost 
exclusively through impacts with nuclei (for example, 
elastic impacts with hydrogen nuclei). These impacts 
have shown that the mass of the neutron is approximately 
equal to the mass of the proton. 

A more accurate value of the mass of the neutron can be 
obtained from the energy balance of certain artificial 
disintegrations. At present the most favorable case is 
provided by the photoelectric disintegration of the deuteron 
into a neutron and a proton. (See Chapter VI, section 10.) 
By this method the neutron is found to have a mass 1.0090, 
and is thus only slightly heavier than the hydrogen atom. 

The hypothesis of a nucleus composed of neutrons and 
protons, first developed in the theories of Heisenberg and 
Majorana,®* immediately eliminates two of the fundamental 
difficulties discussed in the preceding section, (a) In the 
proton-neutron hypothesis, the nucleus consists only of 
heavy particles, and therefore quantum mechanics can be 
apphed. (b) If we assume that the neutron, like the 
proton, has a spin one-half and Fermi statistics, all the 
difficulties of nuclear spins and statistics disappear; in fact, 
the spin and statistics properties then depend upon the 
total number of constituent particles and, as a consequence 
of the above assumption, upon the even or odd value of the 
atomic weight — a result in agreement with experiment. 

We must now consider the hypotheses, on the interactions 
of the elementary particles, which can be formulated in such 


Heisenberg, Z. Phys., 77, 1 (1932); Rapport du Congrfs Sohvay, Brussels 
(1934); Zeeman Festschrift, p. 108 (Haag, 1935). 

Majorana, Z. Phys., 82, 137 (1933). 
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a way as to account for experimental facts. As we have 
seen in section 2 of this chapter, the total binding energy of a 
nucleus is roughly proportional to the number of constituent 
particles. This indicates that the nuclear binding forces 
possess saturation properties, similar to those exhibited by 
the chemical binding forces. In other words, each particle 
in_the nucleus must interact only with a small number of 
neighboring particles — not with all of them ; otherwise, the 
total binding energy would increase, at least, in proportion 
to the square of the number of constituent particles. 

Likewise, the volume of the nucleus (see Chapter VI, 
section 4) is roughly proportional to the number of constit- 
uent particles — that is, the density of nuclear matter is 
approximately constant. This, again, will happen if each 
particle interacts only with its neighbors, as molecules do in 
a liquid. 

It is necessary to anticipate here the fact that, in the 
neutron-proton hypothesis, the conservation of electric 
charge requires the assumption that the emission of an 
electron from the nucleus be associated with the trans- 
formation of a neutron into a proton, and, similarly, that 
the emission of a positron (see section 6 of this chapter) 
be associated with the transformation of a proton into a 
neutron. There exists thus a mechanism by means of 
which, in a system consisting of a certain number of heavy 
particles, the ratio of the number of neutrons to the 
number of protons can vary. Consequently, in a stable 
nucleus this ratio will assume the value that corresponds to 
the lowest energy. A correct theory must give the value of 
this ratio as a function of the number of constituent 
particles. 

We shall have to consider three types of interactions 
among elementary particles : the proton-proton interaction, 
the proton-neutron, and the neutron-neutron. 

In regard to the interaction of protons with protons, we 
must first take into account the Coulomb force, although 
the fact that other forces exist is shown by the anomalous 
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scattering of protons in hydrogen (see Chapter M, section 
4). As to the other two interactions, only the investigation 
of nuclear phenomena can lead us to formulate possible 
hypotheses. The consequences of these hypotheses must 
then be further developed in order that they may be 
submitted to proper experimental tests. 

The most significant attempts to construct a theory of the 
interaction of nuclear particles have been made by 
Heisenberg and Majorana. In all of this investigation, the 
neutron-neutron interaction and the proton-proton inter- 
action other than the Coulomb potential have been disre- 
garded, since it has been assumed that both are less 
important than the neutron-proton interaction. This is 
the simplest hypothesis which accounts for the fact that 
light nuclei, where the effect due to the electrostatic 
repulsion of the protons is small, contain an approximately 
equal number of protons and neutrons. Such a distribution 
will occur, evidently, if only a neutron-proton interaction 
exists, as the symmetry of the problem with respect to the 
two kinds of particles requires the minimum energy to 
correspond to equal numbers of the two kinds of particles. 
However, the same conclusion holds for any system of 
interactions where the proton-proton force and the neutron- 
neutron force are equal (see later part of this section) . 

Thus the essential problem is reduced to determining the 
neutron-proton interaction, which we may assume to be 
expressed by an ordinary potential U{r). In order to 
obtain the impenetrability of the constituent particles which 
leads to a constant density of nuclear matter, we should 
assume (in analogy with the hypothesis made by Gamow 
for his drop model of the nucleus built of o!-particles) that 
this potential increases very rapidly below a certain 
distance. The hypothesis is thus equivalent to assuming a 
finite radius for elementary particles. 

Heisenberg and Majorana have assumed, instead, that 
the neutron-proton interaction .cannot be described by an 
ordinary potential, but is rather a type of exchange force 
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similar to the force which binds together the two atoms in a 
hydrogen molecule (Heitler-London theory). As we shall 
see, this hypothesis explains the fundamental facts without 
assuming a finite radius for elementary particles. 

Once the hypothesis of an exchange force between the 
neutron and the proton is accepted, there still remains a 
choice between, two particular types of interaction. We 
may assume, with Majorana, that the interaction derives 
only from the two particles exchanging places, each one 
retaining the direction of its spin; or, with Heisenberg, that 
the two particles exchange both their positions and the 
directions of their spins. In order to define this state of 
affairs, let x and s be, respectively, the position {x represents 
the three co-ordinates x, y, z) and the spin co-ordinates of 
the proton, whereas f and a- represent the corresponding 
co-ordinates of the neutron. The hypotheses of Heisenberg 
and Majorana assume that the interaction term in the 
Hamiltonian function is of the form: 

7(x, s; I, < 7 ) = - I(x - OS (V, 2) 

Here /(x — ^) is a function of the distance between the two 
particles, and S is an operator which, in the Heisenberg 
case, causes the transformation : 

Siix, s; 0 o) = 4'i^, 0-; X, s) (V, 3) 

On the other hand, the Majorana operator causes the 
transformation: 


Sip{x, s; 0 O') = '/'(?, s; x, a) (V, 4) 

In order to decide which hypothesis is to be preferred, we 
must develop their respective conclusions. We observe, 
in both cases, that, if for a moment we disregard the spin 
and assume i^(x; $) to be the eigenfunction of a certain state 
of the proton-neutron system, the mean interaction energy 
is: 

(V, 5) 


^ = + // ?)T(x; OKx] Odxdi 
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Consequently, if the interaction term has the form of 
relation (V, 2), the above can also be written: 

V = - ff ^)I{x - x)dxdi (V, 6) 

Let us now suppose that the eigenfunction \p(x; ^') can be 
written as the product of a function of the neutron co- 
ordinates by a function of the proton co-ordinates: 

=m<pa) 

In this case, expression (V, 6) becomes: 

V = - f S r{x)<p{x)fiO<P*(^)I{x - ^)dxd^ (V, 7) 

As a result of this relation, the mean interaction energy 
vanishes if both/(a:) and ip(^) are not different from zero for 
a common value of the argument; or, in other words, the 
proton-neutron interaction vanishes if the wave packets of 
the two particles do not at least partly overlap. 

The above result holds, for either form (V, 3) or (Y, 4), so 
long as the neutron-proton interaction is assumed to be 
represented by an exchange operator. If we now take the 
spin into consideration, we notice that in case (Y, 4) the 
operator does not act on the spin co-ordinate and therefore 
the neutron-proton interaction is completely independent of 
the spin orientation. On the other hand, if we assume form 
(V, 3) of the exchange operator, it is immediately seen that 
the interaction term takes opposite sign according to 
whether the spins of the proton and the neutron are parallel 
or antiparallel. 

Let us here consider in a nucleus a certain quantum state 
of the proton, defined with respect to the positional co- 
ordinates. In this state we know, taking into account the 
Pauli principle and the spin, that two protons can exist. 
The interaction energy of this system with a neutron wLose 
wave packet partly overlaps the wave packets of the two 
protons is, on the Majorana hypothesis, twice the inter- 
action energy of a single proton with the neutron; whereas, 
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on the Heisenberg hypothesis, only one of the protons 
interacts with the neutron. 

The same argument can be applied to two neutrons in the 
same quantum state which interact with a proton. It 
follows that, in the case of the Majorana interaction, 
a system consisting of two neutrons and two protons (all 
particles being in the same quantum state) has a particularly 
high interaction energy, since all four proton-neutron 
interactions are added together. This system will be a 
particularly stable one, and constitutes an analogue' of the 
completed electron shell in the atom. In the case of the 
Heisenberg interaction, however, a neutron-proton pair 
with parallel spins already corresponds to the completed 
shell. Hence, since experimental values of the mass defects 
of the deuteron and the a-particle show that the latter must 
be considered as the complete shell, we shall, consequently, 
accept for our use the Majorana interaction (later adopted 
by Heisenberg). 

We shall now make a rough evaluation of the order of 
magnitude of the total energy of the nucleus arising from 
each different interaction. The assumptions which we 
developed in section 4 of this chapter show that, if Z 
protons are contained in a nucleus of radius E, each proton 
has at its disposal a volume of the order of magnitude of 

Z 

to which the length 

R 

21/3 

corresponds. The momentum p corresponding to this 
length is such that 

h R 

V ~ 

and consequently the kinetic energy of the proton will be of 
the order of : 

ikf~ MR^ 
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On the other hand, the electrostatic energy per proton is 
of the order of 

R 


and consequently the kinetic energy of the nucleus con- 
sisting of Z protons and N neutrons is approximately: 


/d 4- A’5 '3 
M 


(V, 8) 


and the electrostatic energy is: 


e^Z^- 

R 


(V, 9) 


To both these energies there corresponds a disrupting 
force, as both dTjdR and dUjdR are negative, and it is 
important to evaluate the relative magnitude of the two 
forces. If we take into account the numerical factors 
disregarded in the preceding formula, and if for the nuclear 
radius we assume the empirical value 

K = 2-10-«Zi/8 (V, 10) 

the ratio of the two forces is found to be: 


dT/dR 

dUjdR 


lO.Z-2/3 


This formula shows that in light nuclei the kinetic 
energy is the dominant disrupting force ; in heavy nuclei, the 
Coulomb repulsion. In order to make the nucleus stable, 
these disrupting forces must be opposed by the essen- 
tially attractive forces deriving from the neutron-proton 
interaction. 

To evaluate the action of these forces on the basis of the 
assumed Majorana interaction, wn must recall that in 
a system consisting of n identical particles per unit volume, 


^See Dirac, Principles of Quantum Mechanics, Oxford (1935). 
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the antisymmetrized eigenfunctions of first approximation 
can be chosen in such a way that each particle is represented 
by a wave packet of volume Ifn, and hence the packets of 
the individual particles do not overlap. This description 
is made possible by the fact that the minimum linear 
dimensions of a wave packet are given by the De Broglie 
wave length which corresponds to the maximum mo- 
mentum, and this wave length is of the order of 

J_ 

nW 

We must now consider the nucleus as a degenerate gas 
containing per unit volume rii particles of one kind and 
particles of the other; we let ni < n 2 and leave undetermined 
which particles are protons and which are neutrons. These 
particles can be represented, respectively, by wave packets 
of volume 1/ni and l/rh. We can then calculate the 
interaction energy for a particle of the second type, on the 
hypothesis that its wave packet is completely contained 
within a single wave packet of a particle of the first type. 
It is easily seen that other cases — where the wave packet of 
the second type of particle overlaps partially with more 
packets of particles of the first type — give the same value 
of the interaction energy. 

The volumes of the wave packets of the two species will 
be, respectively ; 


ri = — , T2 = — 

ni ns 


The respective eigenfunctions will have values of the order 
of: 


1 


1 


within the corresponding packet and will vanish elsewhere. 
Using expression (V, 7) and naming the co-ordinates of the 
two particles Xi and x^, we find that the matrix element of 
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the interaction between a neutron and a proton will be: 

t/Ti t/ To 

= - — r r I{r)dr,dr^ 

T1T2 


Tl 

= - -^7(0^) 

Tl 


(V, 11) 


where J(r) is the naean value of the function 7(r) within the 
smaller packet (with volume r-a); and 0 is a number, of the 
order of unity, such that, within the volume ra, 

W) = 

The interaction energy per unit volume will be obtained by 
multiplying by n-a : 

mV = — nJir) = — nJiB-^nV, (V, 12) 

This result is proportional to rii — that is, to the number of 
the least abundant particles. 

If we disregard the electrostatic energy, which represents 
a reasonable approximation for a light nucleus, the most 
stable state will correspond to an equal number of protons 
and neutrons. If we now take 


ZZ 

ni = Hi 

4x7:® 

formula (V, 12) produces as the total proton-neutron inter- 
action energy in the nucleus: 

where w is a number of the order of magnitude of unity. 
This energy vanishes for 72 = 00 ; whereas, for a very small 
radius of the nucleus, the wave packet reduces to a point 
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and therefore the energy W tends to the constant value 
- ZJ(0). 

If we represent in a diagram the kinetic energy T as 
given by formula (V, 8), the energy W, and their sum as 

functions oil/R, we obtain curves 
of the type indicated in Figure 
34. A very simple form for the 
positive function J(r) produces 
the result that the stable state of 
the nucleus corresponds to a 
finite value of the radius. This 
value, which corresponds to the 
minimum of the total energy, is 
indicated as Rain Figure 34. 

We observe also that the den- 
sity of the nucleus in the stable 
state is independent of the num- 
ber of particles. In fact, from 
formulae (V, 8) and (V, 13), the 
total energy is : 



Figure 34. Energy of the 
Nucleus on the Assumption of 
Exchange Forces, 


T+W = k 


ZW 




(V, 14) 


where A: is a constant and F is a function which we do not 
need to specify. The equilibrium condition of the nucleus 
will be obtained by setting equal to zero the derivative of 
the energy with respect to the radius. This result gives the 
equation; 

(f)‘- const. (V,15) 

in the unknown variable ZjR^, which is, to a constant factor, 
the density of the nucleus. 

Several attempts have been made to specify further the 
form of the function I (r) and to calculate the values of the 
binding energy of the simplest nuclei, or the general curve 


V. Weizsacker, Phys, Z., 36, 779 (1935). 
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of the mass defect as a function, of the number of particles, 
taking into account the Coulomb forces winch we have thus 
far disregarded. 

For example, interaction forces of the following types 
have been proposed: 

I{r) = ae-^’‘ (a) 

I(r) = (b) 

where a and h are adjustable constants, and the results have 
been worked out. While we can choose the constants a 
and b in such a way that — for example, with expression (b ) — 
the correct mass defects for the lightest nuclei Hi, Hf, and 
Hel are obtained, considerable difficulties are encountered 
when we try to calculate the binding energy of hea\der 
nuclei. Here, since we cannot solve the exact wave equa- 
tion, we must resort to some statistical method, such as the 
Fermi-Thomas or the Hartree method. Unfortunately, 
these statistical methods appear to be completely inap- 
propriate for the treatment of this problem, because the 
type of interaction is such as to give a saturation of the 
binding forces between neutrons and protons (like the chem- 
ical binding forces) , and therefore it is not correct, even as a 
first approximation, to treat the action of all the neutrons 
on one proton, or vice versa, by means of a statistical poten- 
tial. Consequently there has not yet been offered a 
satisfactory check of the expressions proposed for the law of 
force by means of the empirical data on the mass defects of 
heavy nuclei. 

Heisenberg has discussed the conditions of stability of the 
nucleus with respect to the processes of a- and ,8-decay. 
The emission of an a-particle will take place when the 
energy which is necessary to separate two protons and two 
neutrons from the nucleus is smaller than the binding energy 
of the a-particle; the disintegration constant will then be 
determined approximately by the Gamow'-Gurney-Condon 
formula. The exchange interaction gives, under reasonable 
assumptions, the correct limits of stability with respect to 
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this process. A similar consideration can be applied to the 
stability of a nucleus with respect to the process of /3-decay, 
if we admit that this process is associated with the trans- 
formation of a neutron into a proton, and takes place every 
time that the energy balance is favorable (see section 6 of 
this chapter). 

It must be noticed, however, that no statistical theory 
can explain the stability or instability of the individual 
nuclei; the diagram of the isotopes (as shown in Figures 30, 
31, and 32) shows that, whereas the atomic weight is roughly 
a smooth function of the charge for the stable nuclei, local 
irregularities exist, as both a- and /3-active nuclei are mixed 
with stable liuclei, and the energy of disintegration of the 
radioactive nuclei varies in an irregular fashion with N 
and Z. 

Recently, additional information concerning the inter- 
actions between elementary particles has been derived from 
a theoretical and experimental investigation of the simplest 
nuclear systems (that is, the nuclei H®, He®, and He^) 
and from the scattering of neutrons by protons and of pro- 
tons by protons. We shall first consider the case of the 
deuteron. 

We have here a two-body problem and, if the force be- 
tween the two particles as a function of their distance were 
known, we could calculate the exact solutions of the wave 
equation and determine the energy levels. 

If the part of the eigenfunction that depends upon the 
co-ordinates of the center of gravity is separated, there re- 
mains an eigenfunction u{r) which depends only upon the 
relative (vectorial) co-ordinate r of the two particles. If 
we assume the Majorana interaction, this eigenfunction 
must satisfy the Schroedinger equation 

4- Eu{r) = - I{r)u{- r) 

irrespective of the spin orientations, since the exchange 
operator simply transforms r into — r; n = M [2 is the 
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reduced mass of the system. Under assumption of the 
Heisenberg interaction, the wave equation would still be 
the same for parallel spins of the two particles; whereas, for 
antiparallel spins, the second member of the equation must 
be multiplied by - 1. If there exists a solution of the 
Schroedinger equation with a negative value of E, we have a 
stable state of the deuteron. 

The potential I(r) being spherically symmetrical, we can 
write an eigenfunction as a product of a radial function and 
a spherical harmonic. Thus ; 

w(r) = - ui(:r)Pf{9)e'"’f‘ 
r 

Now, by a reflection with respect to the center (that is, by 
changing r into — r) a spherical harmonic is multiplied by 
(— 1)^ Consequently the force will be attractive or re- 
pulsive (if, as we have assumed, I(r) > 0) according to 
whether the orbital angular momentum I is even or odd. 
The lowest quantum state will correspond to ? = 0 (S state). 

Information about the neutron-proton force can be de- 
rived from the experimental fact that the deuteron exists in 
a stable state with a binding energy 

- Eo = 2.2 MEV 

However, if we assume for the function I(r) a form of 
either type (a) or (b) on page 187, the above quantity is not 
sufficient to determine the constants a and b separately. 
Instead, it permits us to establish a relation between the two 
constants. It seems likely, from other considerations, 
that the radius of action is very short and consequentN the 
potential hole is very deep, of the order of 30 MEY. The 
small value of the binding energy of the deuteron seems to 
result from the fact that the eigenfunction extends to a 
considerably larger region than that where the potential 
energy has the above large value. Only with the a-particle 
do the constituent neutrons and protons begin to be 

7"“ See Bethe and Bacher, Rev. of Modem Phys., 8, 82 (1936), §§ 12-23. 
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packed close enough to make full use of the strong attractive 
forces, and the mass defect per particle then assumes the 
normal, high value. 

The experimental value one for the spin of the deuteron 
indicates that the neutron and the proton have parallel 
spins. In the terminology employed in spectroscopy, the 
ground state of the deuteron is a level. Assuming the 
Majorana interaction, the state should have approxi- 
mately the same energy. The only difference will arise from 
the interaction of the magnetic moments, and may be ex- 
pected to be, at most, of the order of 100 EV. These con- 
clusions, however, are contradicted by experiments on 
neutron-proton scattering, which lead to the following 
considerations. 

A calculation of the cross-section for elastic scattering 
between neutron and proton yields the formula:’’®'’ 

_ \ I 1 ,3 1 ] 

where Eo and Ei (taken with the positive sign), are the 
energies of the lowest triplet and singlet states, respectively, 
and W is the energy of the incident neutron. If we assume 
that, practically, Eo = Ei (Majorana interaction), the 
cross-section at low velocities {W = 0) is approximately 
2-10“^‘‘ cm®. The large experimental value, 12-10“®^ cm® 
(see Chapter VI, section 10), can be explained only by as- 
suming, with Wigner, that the forces depend, to some ex- 
tent, upon the spin orientation in such a way as to make the 
energy of the singlet state small and, consequently, the 
cross-section at low velocities large. From the experimental 
value of the cross-section, we obtain the energy of the 
singlet state : 

El = 0.13 MEV 

These experiments do not enable us to decide whether 
the singlet state of the deuteron is a stationary or a virtual 


Bethe and Bacher, l,c., § 14 . 
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state — ^that is, whether Ei is negative or positive. A deci- 
sion on this point can be reached, however, by deter min ing 
the ratio of the elastic scattering cross-section to the capture 
cross-section (see Chapter VI, section 10) for slow neutrons 
in hydrogen. The observed value 150 for the above ratio 
seems to point to a virtual singlet state of the deuteron. 
Then, no stable states other than the ground state would 
exist. 

We thus have a difference in energy of about 2.3 ;MEV 
between the lowest singlet and triplet states of the proton- 
neutron system. We may indicate this fact by stating that 
there is a smaller force of the Heisenberg type superposed 
upon the main force of the Majorana type. 

This modification of earlier concepts of the neutron-pro- 
ton interaction is important in calculations of the binding 
energies of nuclei. A new and more detailed analysis of the 
problem of the light nuclei ff. He®, and He”* has recently 
been attempted by Teenberg.’®' One of his essential find- 
ings is that, contrary to earlier assumptions, forces between 
like particles are necessary to explain the observed mass 
defects of these nuclei. The almost identical values of the 
masses of H® and He® (in addition to the general argument 
that A ~ 2Z for heavier nuclei as long as the electrostatic 
energy can be disregarded) indicate that the proton-proton 
interaction and the neutron-neutron interaction are equal. 
Thus, information about only one of these two types of 
forces will probably be sufficient for dealing with many 
problems of nuclear structure. 

Although there seems to be no direct way of testing the 
neutron-neutron interaction, data on the proton-proton 
forces have recently been obtained through the study of the 
scattering of protons by protons, in the experiments of 
Tuve, Heydenburg, and Hafstad (see Chapter VI, section 
4) . The observed departure from the Alott scattering (see 
Chapter III, section 10) can be approximately described by 

70cFeenberg, Phys. Rev., 47, 850 (1935); 48, 906 (1935); 49, 328 (19361. 
See also Bethe and Bacher, l.c. 
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assuming a phase shift only for the S wave (see Chapter VI, 
sections 2 and 4) . 

As is usually the case, these experiments yield, not the 
radius of action of the force and the depth of the potential 
hole, but a combination of these two quantities. It is ex- 
tremely important to note that the proton-proton force is 
found to be attractive and only slightly smaller than the 
proton-neutron force. From general considerations regard- 
ing the saturation property of nuclear forces, we are led to 
assume that the interactions between like particles are also 
of the exchange type. 

From the available data on scattering experiments, we 
obtain mainly information on the proton-proton force 
when the system is in an S state and, consequently, the spins 
of the two protons are antiparallel. In fact, the Pauli 
principle excludes an S state of the two protons with parallel 
spins. From a consideration of the binding energy of nu- 
clei, we are led to conclude that the forces between like 
particles with parallel spins are much smaller and probably 
are repulsive. 

Assuming, rather arbitrarily, that all interactions can be 
represented by an “error function” potential — type (b) on 
page 187 — and that the constant 1/6 (radius of action) has 
the same value 2.3 • 10”^’ cm. for all interactions, we find 
the following values for a (depth of the potential hole) : 


Interaction Value 

Neutron-proton with parallel spins 33 MEV 

Neutron-proton with antiparallel spins 24 MEV 

Two like particles with antiparallel spins 21 MEV 


These values may be considered as representing most ade- 
quately all known data on proton-proton and neutron- 
proton scattering and on the mass defects of light nuclei. 

^6. Theory of /3-disintegration. In the Heisenberg- 
Majorana theory, the neutron-proton interaction is as- 
sumed to originate from the possibility of the exchange of 

Bethe, communicated at the Cornell Symposium on Nuclear Physics, 
Ithaca (July 1936). 
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the electric charge between two particles. We may also 
say that the proton and the neutron represent two quantum 
states of the same particle, which we shall call simply the 
heavy particle. If we exclude the presence of electrons in 
the nucleus, we must admit that the electron is created in 
the process of /3-decay. Then, conservation of the electric 
charge requires this emission to be associated with the 
transition of a heavy constituent particle of the nucleus 
from a neutron quantum state to a proton state. On this 
principle Fermi has built a theory of /S-decay. In order 
to apply quantum mechanics, energy must be conserved, 
and apparently this conclusion can be brought into agree- 
ment with experimental facts concerning the continuous 
jS-ray spectrum only through Pauli’s hypothesis of the 
neutrino. Fermi’s theory is consequently based on the as- 
sumption that the transformation of a neutron into a proton 
can take place only with the simultaneous emission of an 
electron and a neutrino, a hypothetical particle of zero 
electric charge, negligible mass, spin one-half, and Fermi 
statistics. 

These assumptions on the spin and statistics properties 
of the neutrino are necessary to remove other difficulties 
which are not less important than the difficulty concerning 
energy conservation. Actually, we should expect that the 
properties of a nucleus possessing an integral or a half- 
integral spin and Fermi or Bose statistics would be reversed 
by the emission of an electron — a particle with spin one- 
half and Fermi statistics. Experimental evidence shows, 
instead, that these properties are not changed by the 
transformation of a nucleus into its isobar through the 
process of /3-radioactivity. The above-mentioned assump- 
tions on the properties of the neutrino re-establish the 
correct relations regarding spin and statistics. 

Thus we find considerable similarity with the phenom- 
enon of the emission of a light quantum in the transition of 
an electrically charged particle from a higher to a lower 


Fermi, Z. Phys., 88, 161 (1934). 
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.quantum state. As the photon is supposed not to exist in 
the atom but to be created in the quantum transition, we 
shall similarly admit that the electron and the neutrino, 
which we shall call the light particles, are produced by the 
transition of a heavy particle from a neutron quantum state 
to a proton quantum state. 

Consequently the theory of /3-decay will be similar to 
Dirac’s theory of radiation, with the following essential 
differences. In the present case, the terms in the Hamil- 
tonian function which are responsible for the transition of 
the heavy particle from the neutron state to the proton state 
must be such as to allow this transition only with the simul- 
taneous emission of the two light particles, instead of a 
single photon; and the light particles here satisfy the Fermi 
statistics, instead of the Bose statistics. The theory is 
complicated by the fact that the treatment of a system with 
a variable number of identical particles satisfying the Fermi 
statistics requires the so-called method of second quantiza- 
tion of Klein, Jordan, and Dirac.’’^ We shall present only a 
general outline of the theory; the original literature can 
be consulted for detailed treatment. 

The Hamiltonian function of the unperturbed system — 
that is, in an approximation where the interaction between 
heavy particles and light particles is disregarded — will be 
the sum of one term belonging to the heavy particle and of 
terms connected with the light particles, which will be the 
electrons in certain individual quantum states represented 
by eigenfunctions and the neutrinos represented by 
eigenfunctions cp,. We must now introduce into the 
Hamiltonian function terms that can produce transitions 
between the different quantum states of the unperturbed 
system, just as, in the theory of radiation, the interaction of 
the radiation field with the particle is responsible for the 
latter’s transition from one quantum state to another. 

The present case can also be treated by means of the 
perturbation theory. 

See Dirac, Principles of Quantum Mechanics, Oxford ( 1935 ). 
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The difficult part of the entire problem consists of the 
choice of the interaction terms. Fermi has proposed the 
simplest possible interaction satisfying the essential require- 
ments, but it appears that the form of the interaction re- 
quires modifications, as will be discussed later. 

Assuming Fermi’s original interaction, we find the follow- 
ing result. Let u^ix) and Vn,{x) be, respectively, the eigen- 
functions of neutron and proton states in the nucleus. 
Then the probabihty of a process where the neutron in 
state n is transformed into a proton in state m, with the 
creation of an electron in the quantum state s, is given by: 

Ps= J* j ^ ^ ^ ^ (V, 16 ) 

where p, and Vc are the momentum and the velocity of the 
neutrino in the state for which the unperturbed energy is 
conserved; p is the mass of the neutrino; and are four- 
component eigenfunctions of the relathfistic electron; is 
one of Dirac’s matrixes; is the energy of the neutrino; 
and, finally, p is a universal constant (see later). 

This formula enables us to calculate, at least in theory, 
the mean life and the energy distribution in |8-deeay. We 
observe that in formula (V, 16) the quantum states of the 
proton and the neutron appear only through the matrix 
elements fv^Undr. This effect is due to the fact that the 
De Broglie wave lengths of the electron and the neutrino are 
large compared with the linear dimensions of the nucleus. 
The case is similar to that of the ordinary radiation theory 
where, when the emitted wave length is large compared with 
the linear dimensions of the radiating system, the radiation 
is determined by the matrix elements of the electric moment. 
The matrix element will generally be of the order of magni- 
tude of unity, but in some cases, because of the particular 
symmetry of the eigenfunctions of the neutron and the 
proton, it can exactly vanish. In this latter case we shall 
assume that the transition is forbidden. Similarly to the 
forbidden transitions in optics, the forbidden transitions in 
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/3-decay can take place, with smaller intensity, because of 
the effect of terms disregarded in the first approximation. 

We must also observe that the decay process can take 
place only if the energy condition 

W = Eu — Ep> {m + ij)c^ (V, 17) 

is verified, where W is the energy difference between the 
initially occupied n state of the neutron and a free state m of 
the proton, and the second member represents the self- 
energy of the two light particles. 

It is important to consider the influence which the 
neutrino mass /x has on the shape of the energy distribution 
of the jS-rays. It can be shown, with simple calculations, 
that, if II is rather large, the intensity of the continuous 
spectrum drops suddenly to zero at the upper energy limit; 
whereas, for a small neutrino mass, the distribution curve 
falls almost asymptotically to zero. Experimental curves 
show the latter behavior, and we shall assume this to be an 
indication that the mass of the neutrino is zero, or at least is 
small compared with the electron mass. 

For the sake of simplicity, we shall let /x = 0. On this 
basis, formula (V, 16) reduces to the simpler form: 

= ^ (V, 18) 

where W — = K, is the energy transferred to the 

neutrino. 

In order to evaluate the mean life and the shape of the 
distribution curve, we must calculate the relativistic eigen- 
functions i/'s of the continuous spectrum in a field which, for 
the sake of simplicity, can be assumed to be given by the 
Coulomb law for distances from the center of the nucleus 
greater than the nuclear radius E. By integrating all pos- 
sible values of the momentum of the electron, and by substi- 
tuting for the nuclear radius R and for the atomic number Z 
values corresponding to the natural radioelements, we find 
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the disintegration constant : 

^ = 1.7o-10“(7= F(rin (V, 19) 

where i?o is the maximum momentum of the electron ex- 
pressed in me units, and Fino) is a rather complicated func- 
tion of its argument. A few values of this function— calcu- 
lated for Z = 86.2, and approximately valid for all heavy 
radioactive elements — are given in Table 31. 


Table 31 

VALUES OF THE FUNCTION F(„;) 


TJO 

^(^o) 

^0 

F(,o) 

m 


770 


0 

^o/24 

2 

1.2 

4 

29 

6 

185 

1 

0.03 

3 

7.5 

5 

80 

^ 7 

380 


Before comparing these theoretical results with experi- 
ment, we must make the following observations concerning 
the forbidden transitions. If the state of the nucleus can be 
represented approximately in terms of individual quantum 
states of the neutrons and the protons, the matrix element 
is zero unless i = i', where i and i' represent the angular 
momenta of the proton and the neutron state. If this is 
not a good approximation, an allow'ed transition wall corre- 
spond to conservation of the total angular momentum I of 
the nucleus. However, these selection rules are not abso- 
lute, since various perturbations can induce forbidden tran- 
sitions. Among these are the variation of the eigenfunc- 
tions of the electron and the neutrino in the nucleus, and 
the relativistic corrections applied to the heavj^ particles. 
From these perturbations we may expect an intensity of 
the forbidden transitions of about one one-hundredth of the 
intensity of the allowed transition. 

Formula (V, 19) establishes a relation between the mean 
life and the maximum value of the momentum rjo- How- 
ever, this relation is still not completely defined, as the 
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matrix element may vary for the different processes. If 
we assume this matrix element to be equal to unity for the 
allowed transitions, we obtain the relation : 

tF(i;o) = constant (V, 20) 

where the value of the constant must be deduced from the 
experiment. 

Table 32 gives the observed values of tF{7]o) for the 
various radioelements. 


Table 32 

EELATION BETWEEN MEAN LIFE r AND MAXIMUM MOMENTUM 
’JO = IN ^-DECAY 


Element 

r (in hours) 

VO 

FM 


U Xa 

0.026 

5.4 

115 

3.0 

Ra B 

0.64 

2.04 

1.34 

0.9 

Th B 

15.3 

1.37 

0.176 

2.7 

Th C" 

0.076 

4.4 

44 

3.3 

Ac C" 

0.115 

3.6 

17.6 

2.0 

Ra C 

0.47 

7.07 

398 

190 

Ra E 

173 

3.23 

10.5 

1,800 

Th. C 

2.4 

5.2 

95 

230 

Ms Tha 

8.8 

6.13 

73 

640 


It is evident from the table that the radioelements can 
be divided into two groups: one in which the product 
tF(i?o) is of the order of unity, and one in which this 
product is at least one hundred times larger. In agreement 
with our earlier considerations, we shall interpret the first 
group as corresponding to allowed transitions, and the 
second group to forbidden transitions. The variations in 
the matrix element easily explain the fact that the product 
TFirjo) is not exactly a constant, even within the group of 
allowed transitions. (This classification of the /3-decay 
processes into two groups has already been made by Sargent 
on a purely empirical basis.) 
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From Table 32 we can obtain a rough evaluation of the 
universal constant g. If we assume rFirja) - 1 when the 
matrix element is equal to unity, we find : 

g = 4- 10“'^“ cm’-erg (V, 21) 

Fermi has calculated the shape of the distribution for 
different values of the maximum momentum -nmc-, the re- 
sults are reproduced in Figure 35. 



These curves show a general behavior similar to that of 
the experimental curves. However, although the experi- 
mental data are still rather inaccurate, there seems to be, 
between the theoretical and experimental distributions, a 
definite discrepancy, in that the theory gives too many 
electrons of very low energy. 

To avoid this discrepancy, Konopinski and Uhlenbeck 
have proposed a slightly different type of interaction from 
Fermi’s. In this modification the Hamiltonian function 
contains not only the eigenfunctions of the electron and 
the neutrino but also their derivatives with respect to the co- 
ordinates. Although the theoretical curves thus obtained 
agree very closely with the experimental ones, nevertheless 
we must still consider these as tentative and provisional ex- 
pressions for the electron-neutrino field. 

The necessity for a revision of Fermi’s type of interaction 
had already been pointed out by Bethe and Peierls on 

Konopinski and Uhlenbeck, Phys. Rev., 48, 7 (1935). 

Bethe and Peierls, Internat. Conf. on Pliys., London (1934). 
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quite different grounds. It should be theoretically pos- 
sible, once the interaction between neutron and proton 
through the electron-neutrino field is known, to deduce from 
it the expression for the Heisenberg-Majorana exchange 
force between proton and neutron. However, if we use 
Fermi’s Hamiltonian function, the exchange force comes 
out much too small. On the other hand, expressions con- 
taining the derivatives of the electron or neutrino eigen- 
functions may produce the correct order of magnitude for 
the Heisenberg-Majorana forces. But, even if the correct 
Hamiltonian for the electron-neutrino field were known, an 
exact calculation of the proton-neutron forces would still 
meet with difficulties connected with the infinite self-energy 
of point particles, analogous to those encountered in the 
radiation theory. 

It is important to note that the free neutron is expected 
to be ^-active, its mass being considerably larger (by 
about 0.8 MEV) than the mass of the hydrogen atom. 
However, the mean life, evaluated on the assumption that 
the transition is allowed, is sufficiently long (three hours) 
to escape observation, since the neutron reacts within a 
much shorter time with any nuclei which are present. 

Before leaving this subject, we must discuss a few other 
questions connected with the theory of /3-rays. Besides the 
^-active elements belonging to the three radioactive series, 
many other ^-active elements, also of low atomic number, 
have been produced by means of artificial disintegrations. 
These elements should likewise fit the theoretical relation 
between decay period and maximum energy of the electrons; 
however, at the present time so few measurements of the 
latter quantity are available that a comparison would not 
be very significant. Other /3-active nuclei, as noted in 
Chapter II, are an isotope of potassium and an isotope of 
rubidium. In these cases the mean life is extraordinarily 
long and consequently the product tF(^o) assumes values 
much larger than normal. This phenomenon is difficult to 
explain, since a very large change in the nuclear spin would 
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be required to account for a disintegration constant ap- 
proximately 10‘° times smaller than that corresponding to 
an allowed transition. An extremely long decay period 
would result also from the hypothesis that the process con- 
sisted of the simultaneous emission of two electron-neutrino 
pairs, but this assumption has been disproved by ex- 
periment.’^® 

Another peculiar phenomenon related to /3-decay is pre- 
sented by the apparent branching of the uranium series in 
the disintegration of U Xi. The branching appears to form 
two different /3-active bodies, U X 2 and TJ Z, which would 
be isotopic and isobaric — that is, would consist of the same 
elementary particles. If this interpretation is correct, in 
such a case there must be effective an unknown prohibition 
mechanism which prevents the immediate transformation 
of the nucleus into the more stable state. 

We shall now consider the activity with the emission of 
positrons (called iS+-activity), which is presented by manj' 
nuclei resulting from artificial disintegrations. (See Chapter 
VI, section 11.) The emitted positrons have a continuous 
energy distribution which is similar to that of the electrons 
in the ordinary /3-processes (indicated with j3~). 

This phenomenon is easily explained in the theory of 
/3-decay, as shown by Wick.’® Evidently the same inter- 
action terms responsible for /3-decay can induce a transition 
of the heavy particle from a state of proton to a state of 
neutron, with simultaneous destruction of an electron and a 
neutrino. In order for the phenomenon to occur, it is 
necessary that the energy balance be favorable and that the 
probability amplitude of the electrons and the neutrinos in 
the nucleus be different from zero. Since a certain density 
of electrons and neutrinos is due to the states of negative 
energy of both these particles, consequently the process 
under consideration may take place with the annihilation 
of an electron and a neutrino in states of negative energy. 

‘^Klemperer, Proc. Roy. Soc., 148, 638 (1935). 

Wick, Lincei Rend., 19, 319 (1934). 
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Physically, this effect will appear as the creation of a posi- 
tron and of a neutrino hole, or antineutrino, a particle very 
similar to the neutrino and equally unobservable. The 
order of magnitude of the probability of this process is in 
agreement with experimental data. 

The conservation of energy requires as a necessary condi- 
tion for the process of positron emission the relation: 

Ml - > m -f M (V, 22) 

whereas in the ordinary jS-process the condition was: 

Ms - Ml > m -1- M (V, 23) 

where Mi and Mg are, respectively, the masses of the two 
isobaric nuclei — one with Z protons and A — Z neutrons, 
and the other with Z — 1 protons and A — Z + 1 neutrons. 
These conditions determine the stability of nuclei with 
respect to the processes of /S-decay. If one condition or the 
other is true, the transformation of the nucleus into an iso- 
bar of charge respectively higher or lower by one unit will 
occur. 

We might expect that nuclei containing neutrons in ex- 
cess of the ratio which corresponds to the stability region 
would emit electrons until a stable nucleus was reached, 
whereas a nucleus with an excess of protons would undergo 
one or more processes of positron emission until a stable 
condition was eventually reached. These conclusions are 
supported by the experimental evidence on the new radio- 
active nuclei produced by artificial disintegrations. 

According to the theory of |S-decay, the transition of a 
heavy particle from a proton state to a neutron state can 
also take place simultaneously with the annihilation of an 
electron in an outer shell of the atom and of a neutrino in a 
state of negative energy. Although this process is less 
probable than the process of positron emission, it is im- 
portant in a consideration of the stability of isobaric nuclei. 

Let us consider the two above-mentioned isobaric nuclei 
of masses Mi and Mg. The transition from nucleus 2 to 
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nucleus 1 by means of a /3-process will take place if 
ilf 2 — Ml > m + y. 

whereas the inverse transition by means of the last-men- 
tioned mechanism will take place if 

Ml — M« > — m - 1 - y 

since, in this case, the annihilation of the electron releases 
energy. It is evident that, if /i = 0, one of the two relations 
is necessarily verified; whereas, if 4= 0, it may happen that 
neither relation is true. Consequently, on the hypothesis 
of a neutrino of zero mass, stable isobaric pairs differing by 
one unit of nuclear charge should not exist, as the heavier of 
the two should be transformed into the lighter one. The 
experimental evidence for a few stable pairs of this type can 
be interpreted as an indication of a neutrino mass different 
from zero but still small enough to have no appreciable 
effect on the continuous distribution of the jS-rays. How- 
ever, even in this case, prohibition mechanisms (such as a 
large change in the nuclear spin) might make the assumed 
transformations extremely slow. 

We shall also mention here an interesting effect of the 
theory of jS-rays for the magnetic moment of the proton (as 
described in section 3). According to Wick,”’ the fact that 
the protonic magnetic moment is not equal to a nuclear 
magneton but is much larger, can be explained, at least 
qualitatively, by Fermi’s theory. Although the proton can 
dissociate into a neutron plus a positron-antineutrino pair, 
for the free particle this transformation does not actually 
take place, as it would require an expenditure of energy. 
However, the proton exists virtually, for a fraction of the 
time, in this dissociated state and this effect contributes 
appreciably to the magnetic moment, since the positron has 
a large magnetic moment. Hence the effective magnetic 
moment comes out larger than it does for a particle obeying 
Dirac’s relativistic equation. 

” Wick, Lincei Rend., 22, 170 (1935). 
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The Artificial Disintegration of Nuclei 

1 . Theory of collisions : the Born approximation. In this 
chapter we shall consider the wide and still rapidly de- 
veloping field of the artificial disintegration of nuclei. As 
most of these phenomena are produced by the impact of 
heavy particles against nuclei, it will be convenient at this 
point to review the general outline of the theory of eol- 
lisions in quantum mechanics. We shall first discuss the 
conditions under which approximate methods of treating 
the problem can be applied. These are, essentially, the 
classical approximation and the Born approximation.” 

The limits of validity of the classical approximation can 
easily be deduced from the uncertainty principle. For this 
consideration let us assume a parallel beam of particles 
which is limited by a slit F of width I and which falls 
against an obstacle represented by a region where the 
potential (assumed for simplicity to have a spherical 
symmetry, with center in the point A) is different from zero 
(see Figure 36). 

^ The particles will be deflected from their initial direc- 
tion. A classical treatment of the problem will apply if we 
can establish a relation between the impact parameter S and 
the deflection— a relation that is possible only if the width 
of the sht can be made small as compared with the impact 
parameter; that is, if Z < 5. On the other hand, the 
e eetion of the particles which have a given value of 
the impact parameter will be defined only if the momentum 
normal to the direction of motion transferred to the par- 
ticles by the obstacle is large compared with the indeter- 
mination o f the momentum already present in the incident 

”See Mott and Massey, Atomic Collisions, Oxford (1933). 
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beam. This indetermination will be of the order of hi. 
We can express these results, for the case of Coulomb 
forces, by means of the relation: 



5 

V 


Sv 



from which it follows that : 


kt 


1 


(VI, 1) 



Figure 36. 'CJncertaiiity Prin- 
ciple in Collisions. 


However, in the particular case of Coulomb forces, the 
classical theory gives exact results even if condition (YI, 1) 
is not satisfied, but this does not hold for other types of 
forces. 

We shall now consider the Born approximate solution of 
the collision problem, which is valid under limiting con- 
ditions opposite to those under which the classical treatment 
can be applied, and which will be specified later. The 
general principle of the Born method is the following. 

Let us consider an obstacle, represented by a region where 
the potential V is different from zero, and a parallel beam 
of incident particles. In the field-free region, the incident 
particles can be represented by a plane wave, and another 
plane wave will represent the particles scattered in a certain 
direction. In the Born approximation, these plane waves 
represent the unperturbed states of the system, and the 
obstacle is considered as a perturbing potential which 
induces transitions between states of the unperturbed 
system. These transitions correspond to a scattering of the 
particles. It is apparent that the Born approximation is a 
good approximation if the eigenfunctions of the particles 
are only slightly modified by the presence of the potential 
V. This condition occurs when the kinetic energy of the 
particle is large compared wfith the potential T’ ; that is, if 


(VI, 2) 
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However, the method can also be applied to certain cases 
where this condition is not satisfied (see later) . 

In order to obtain the general expressions for the scat- 
tering in the Born approximation, we may proceed as 
follows. The eigenfunction of a particle of momentum P, 
represented by a plane wave normalized in a volume 0, 
can be written: 



(VI, 3) 


On the other hand, a beam of incident particles, in number 
n per unit volume, will be represented by the wave : 

— . jPyj. 

Vn e * (VI, 4) 

By comparing formulae (VI, 3) and (VI, 4), we observe 
that in the wave (VI, 4) the probability amplitude of the 
state of the system represented by the wave function 
(VI, 3) is: 

ap = -4^ (VI, 5) 


If we call p the momentum of the particle after the impact, 
the normalized eigenfunction of this state will be : 





(VI, 6) 


and its probability amplitude ap will satisfy the usual 
differential equation of the theory of perturbations: 


. 2 Tri -.y. 

Q/p — ' Pt P ^P ^ ^ 


(VI, 7) 


where the matrix element Vp, p of the perturbation energy 
has the form: 

Vp, , = - J = 1 v{P - p) (VI, 8) 

We have written this expression in such a way as to bring 
into evidence the fact that the value of the integral is a 
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function of the vectorial difference between the momenta 
before and after the impact. Equation (YI, 7), integrated 
under the initial conditions that Up = 0 and that is 
determined by formula (YI, 5), gives: 


2Ti jj2— ,P2 ^ 

2m 

Hence the number of particles scattered into a given 
quantum state of momentum p is : 


\a„\ - = 


16« 




2rnh^^' - 

(p= - 


(VI, 10) 


For sufficiently large values of t, only transitions to states 
for which the unperturbed energy is conserved (that is, for 
= p^) are important. We wish to determine the num- 
ber of particles of momentum p = P scattered within a 
certain solid angle dw. For this purpose W’e must find out 
how many quantum states correspond to this element of 
solid angle, and multiply the number by the square of the 
amplitude as given by formula (YI, 10). The volume 
element in the phase space corresponding to a particle 
enclosed within the volume fl, and with momentum of 
magnitude between p and p -h dp and direction contained 
within the element of solid angle da, is Qp^dpdo?. Diffiding 
this element of the phase space by IP, we find for the num- 
ber of quantum states sought : 

§P=dpda> (VI, 11) 


By multiplying this expression by the square of the ampli- 
tude as givmn by (VI, 10) and by integrating with respect 
to p between zero and infinity (keeping the elementary 
solid angle da constant), we find the number of particles 
scattered in the time t under the assumed conditions. As 
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we have observed, only those terms for which the relation 
= p'^ is approximately satisfied, give an appreciable 
contribution. If we call 6 the scattering angle, we can 
write : 

|P-p|= 2Psin^ 

I ^-1 2 

Moreover, in most problems the potential V has spherical 
symmetry. In this case, the function V(P — p) becomes 
simply a function of the scalar argument 

2P sin ^ 

2 

The number of scattered particles is found by multiplying 
expressions (VI, 10) and (VI, 11) and by integrating; this 
result is: 

P(P, d)doi = J lap 1 2 

/ o D • ® \ ^ A-K^Pm . , 

( 2P sm - I — — — tndu, (VI, 12) 

Formula (VI, 12) gives the complete solution of the 
collision problem in the first approximation of the Born 
method. 

If the total number of scattered particles is desired, inde- 
pendent of the scattering angle, we have only to integrate 
with respect to dos. If the total number of scattered 
particles per unit time is expressed by means of a cross- 
section cr, this number is : 

wPcr 

m 

By comparing the above with formula (VI, 12), we find 
that the scattering cross-section assumes the value: 


0 - == 


(VI, 13) 
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We may observe that, under the assumed condition with 


El 

2 m 




V 


the integral (VI, 8) is considerably different from zero only 
if P — ^ ~ 0. In the latter case, therefore, the particles 
are scattered mostly in a forward direction. 

Another case in which the Born method represents a good 
approximation even if condition (VI, 2) is not satisfied, 
occurs when the radius p of the region where V =f= 0 is small 
compared with the De Broglie wave length of the particle, 
and when, in addition, the calculated collision radius is 
small compared with p. Then, in the integral (VI, 8), for 
the values of r where V =i= 0 the exponential is practically 
equal to unity and we can write simply: 

V{P -p) = fVdr 

From this, the cross-section assumes the simple form : 

and the scattering shows spherical symmetry. The above- 
mentioned condition for the validity of the Born approxi- 
mation can, in the present case, be written in the form: 


(VI, 14) 


mpW 




«: 1 


(VI, 15) 


All of these considerations hold for a fixed obstacle — that 
is, for the impact with a particle of very large mass — 
whereas in several practical applications the obstacle is a 
particle of mass comparable to the mass of the colliding 
particle. Then, the motion of the obstacle cannot be 
disregarded. For the treatment of this case it is convenient 
to use relative co-ordinates— that is, a system of reference 
where the center of mass of the two particles is at rest. 
It is readily seen that the formula given above holds where 
the angular distribution of the scattered particles is con- 
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sidered in the relative co-ordinates, and where the mass m 
is replaced by the reduced mass. 

mM 

771 -{■ M 

2. Exact theory of collisions. In many of the impact 
problems occurring in nuclear physics, the conditions for 
the validity of the Born approximation are not satisfied. 
We now wish to show how an exact solution of the 
Sehroedinger equation can generally be found. We shall 
limit ourselves to the impact against a fixed obstacle with 
spherical symmetry. » 

In the field-free region, the incident particles of mo- 
mentum p in the direction z, will be represented by the 
plane wave 

-pz 

> h 

Still in the field-free region, at large distances from the 
obstacle, the scattered particles can be represented by a 
spherical wave which, so far as the dependence upon the 
angles is concerned, can be expanded into a series of 
spherical harmonics. The scattering problem will be com- 
pletely solved if we are able to assign the coefficients of this 
expansion. 

To obtain this result, we may proceed as follows. In the 
field-free region the solution of the Sehroedinger equation 
can be completely expressed as a sum of spherical waves; 
likewise, the incident plane wave can be expanded into a 
series of spherical harmonics. The amplitude of each 
spherical wave in the total eigenfunction will consist partly 
of a known term resulting from the expansion of the incident 
wave, and partly of a still unknown term representing the 
scattered wave. 

On the other hand, the exact solution of the Sehroedinger 
equation, at any distance from the center, can (as a 
consequence of the spherical symmetry of the potential) be 
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written as a sum of products of a radial eigenfunction by a 
spherical harmonic. Each one of these terms, for large 
values of the radius, must go over into a term of the above- 
mentioned asymptotic expansion. This identification en- 
ables us to determine the unknown coefficients, which 
eventually are expressed by means of certain phases 
resulting from the integration of the radial part of the 
Schroedinger equation. 

The calculations can be carried out as follows. In the 
expansion of the scattered wave into a series of spherical 
harmonics, for symmetry reasons, only the spherical 
harmonics with m = 0 (that is, those having rotational 
symmetry around the z-axis) will occur. Consequently, 
for large values of r, the solution of the Schroedinger 
equation will have the form: 

(VI, 16 ) 

r 

where we assume the spherical harmonics to be normalized 
in such a way that the mean value of |P?(0) | - on the sphere 
is 

1 

2 ^ -(- 1 

The problem now consists in determining the coefficients g;. 
The incident wave, as given by expression (VI, 16), corre- 
sponds to p/m particles falling on the unit surface per unit 
time. The partial scattered wave 

is a spherical wave where the number of particles per unit 
time falling within the elementary solid angle dco is: 
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whereas the number of particles scattered in the total solid 
angle (remembering our normalization of the spherical 
harmonics) is: 


#2 = 


47r 


2Z + 1 m 




By expressing this number of particles in terms of a 
cross-section, through the relation 


m 

we find the expression: 

a ^ (VI, 17) 

This cross-section is expressed as the sum of partial cross- 
sections for the single waves represented by the successive 
functions with I = 0, I, 2 ■ ■ • . 

This result corresponds to the circumstance that in 
quantum mechanics the classical concept of the impact 
parameter loses significance, being replaced by a quanti- 
zation of the angular momentum Z/i/27r of the incident 
particle with respect to the center of force. Particles 
with a given value of the quantum number Z are scattered 
with a certain partial cross-section cri and with an angular 
distribution which is expressed by the square of the 
corresponding spherical harmonic. 

We still have to solve the essential part of the problem — 
that is, to determine the coefficients of the expansion 
(VI, 16). The plane incident wave can be expanded into 
spherical harmonics by means of the well-known formula: 

The fact that the total cross-section is the sum of the cross-sections for 
particles with different values of I is due to the orthogonality of the spherical 
harmonics. In each particular direction, however, the partial scattered waves 
will generally interfere. 
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Here J i+i is a Bessel function which, for large values of r, 
can be replaced by the asjunptotic expression: 

Ji+i(x) ~ yj^cos a; - (f + 1) I j (VI, 19) 

Collecting the terms containing the same spherical har- 
monics, we can write the eigenfunction (VI, 16) , for large 
values of r: 




i-Plid)- 
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i h (2l -|~ 1) 
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H 1 )^ 


iH2l + 1) 
4ttp 


(VI, 20) 


On the other hand, the eigenfunction yp, for any value of r, 
can be expressed exactly as a sum of products of spherical 
harmonics by radial functions. This we shall write in the 
form: 

=-Zicm(r)PUe) (VI, 21) 

r 


The radial functions Vi, as a consequence of the Schroedinger 
equation (VI, 21), must satisfy the equations: 

vV{r) +^ZE - V(r)]rz(r) - = 0 (VI, 22) 


We shall assume vi(r) to be normalized in such a way that, 
for very small values of r, 

Pi(-r) = 

For very large values of r, Vi(r) assumes the form of a sine 
curve which, under the assumed normalization, we can 
write : 

Vi{r) a, cos I" ^ j (VI, 23) 

Once the explicit expression of the potential is given, the 
constants ai and fit can be determined by integrating the 
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radial equation (VI, 22). We have added the term 

_ ~i~ l)'ir 

2 

to the phase of the cosine in order to make = 0 when 
V{r) is zero. 

By introducing the asymptotic form (VI, 23) of Viir) in 
the eigenfunction (VI, 21), we find values of the coefficients 
of the single spherical harmonics, which can be identified 
with the coefficients of the expansion (VI, 20) and thus 
produce the relations: 


ai 


Cl 


h{2l + 1) 

27rp 


sin 


2'K'pOLl 


(VI, 24) 


The first equation determines the coefficients ai as functions 
3f the phases )3; only. By introducing these values in 
expression (VI, 17) for the cross-section, we find: 


O'! 


hK2l + 1 ) 


sin® jSj 


(VI, 25) 


The partial cross-sections are thus expressed by means of the 
phases which can be obtained by integrating the radial 
Schroedinger equation. In most practical cases, only a few 
terms with small values of I are important, as the phases 
Sz, with increasing I, tend rapidly to zero; in other words, 
only particles with low values of the angular momentum 
are considerably scattered. This effect occurs, in particu- 
lar, when the radius of action of the forces is small compared 
with the De Broglie wave length. 

3. Penetration of charged particles into the nucleus. 
We now wish to consider the relation between the penetra- 
tion of a charged particle through the potential barrier of the 
nucleus and the emission of the same particle from the 
nucleus as treated in the theory of a-decay. An incident 
particle of energy lower than the top of the potential barrier 
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will usually be scattered by the nucleus, but it will also have 
a certain probability of penetrating into the nucleus for the 
same reason which accounts for the a-decay. In the latter 
case the particle -will be bound in the nucleus in a quasi- 
stable, or virtual, quantum state. Eventually, either it will 
be re-emitted by the nucleus or fall into a more stable state 
with the emission of radiation, or it will cause a process of 
disintegration. It is evident that the probability of pene- 
tration must be connected with the mean life of the virtual 
quantum state. 

In order to express this relation quantitatively, let us 
consider a nucleus irradiated with a beam of n particles per 
unit area and per unit time, uniformly distributed within 
the energy interval between E and E -f AE, where we 
assume that a virtual quantum level of the particle in the 
nucleus will occur. Under these conditions, after a certain 
time a stationary state will be reached where all quantum 
states with the same value of the energy will have the same 
probability of being occupied. The number of particles 
per unit volume with energy between E and E -f AE is; 

nmAE 

V 

If Q is the number of cells in the phase space corresponding 
to the energy interval AE, the average number N of 
particles occupying the virtual quantum state is: 

nniAE 

pQ 

The number of quantum states corresponding to the energy 
interval AE is then given by the number of cells; that is, 

= ^ ^ -IeaE 

Consequently the number of particles in the virtual state 
is: 

N = (2Z + 1) = (21 + 1) 

pQ irp' 


(VI, 26 ) 
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where the factor 21 1 represents the statistical weight of a 

state of angular momentum 1. 

The average number of particles N contained in the 
virtual quantum state will result as an equilibrium between 
the number of entering particles and the number of emitted 
particles. This equilibrium is expressed by the relation; 

N = TT) 

where v is the number of particles per second entering the 
nucleus. By comparing this equation with formula (VI, 
26), we find the number to be: 


h*(2Z + 1) 
■n = 1 — i— ^ 


(VI, 27) 


where the relation between the mean life of the virtual 
quantum state and the probability of penetration of a 
particle into the nucleus is expressed. This relation holds 
in general, being independent of special assumptions on the 
form of the potential barrier. Assuming the model dis- 
cussed in Chapter IV, section 2, we can calculate the mean 
life by the use of formula (IV, 19), and consequently the 
probability of penetration is given in terms of the constants 
of the nucleus and of the incident particle. 

We wish to point out that all these considerations are 
based on the assumption that the interaction of a particle 
with the nucleus can be represented by a potential field. 
Actually the nucleus consists of many elementary particles, 
and we have seen that the interactions among these are 
such that the substitution of a potential field for the 
individual interactions does not always represent a good 
approximation. Therefore we may expect to find that 
conclusions deduced from the treatment of the nucleus as a 
potential field are in disagreement with experiment. This 
observation applies to most of the theoretical considerations 
in the present chapter. 

4. Anomalous scattering of a-particles and protons. In 

Chapter III we discussed, from the classical standpoint, the 
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collision of a particle against a nucleus in the case of 
Coulomb forces. The classical treatment leads to the 
Rutherford scattering formula, which is obtained also from 
an exact treatment of the problem in quantum mechanics. 
We have already pointed out that the results of the as- 
sumption of a Coulomb force are confirmed by experiment 
so long as the minimum distance of the a-particle from the 
center of the nucleus remains larger than a certain charac- 
teristic radius p. If this condition is not satisfied, the 
angular distribution of the scattered a-particles departs 
considerably from the classical distribution. This phe- 
nomenon is called the anomalous scattering. 

The distance p where the interaction between the 
a-particle and the nucleus begins to depart from the 
Coulomb law can be considered as the radius of the nucleus. 
The condition for normal scattering is, therefore, 


iZe^ 

Mv^- 


> p 


(VI, 28 ) 


Experimentally it may be observed that, for the fastest 
a-particles available (velocity 2-10®), the scattering is 
normal for all elements heavier than copper {Z = 29). 
For these nuclei, formula (VI, 28) sets an upper limit for the 
nuclear radius. 

Elements of lower atomic weight may show anomalous 
scattering, which has the following general characteristics. 
The ratio R of the observed scattering to the normal 
scattering approximates unity for small scattering angles. 
With increasing values of the angle, the ratio usually first 
decreases and then increases, and for large angles, it can 
reach very high values. The departures from normal 
scattering are generally larger for lighter elements and 
faster a-particles, as is to be expected since in these cases 
there is a higher probability that the particles will penetrate 
into the nucleus, where the Coulomb law no longer holds. 

We shall now describe, in more detail, a few experimental 
results. The most thoroughly investigated cases concern 
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the scattering of a-particles by hydrogen and helium nuclei. 
In both instances the anomalous scattering becomes con- 
siderable when the mini- 



mum distance is about 
4- 10“^® cm. Por helium, 
the variation in the ratio 
between the observed scat- 
tering and the classical 
scattering as a function of 
the angle and of the energy 
of the a-particle, has been 
accurately determined. 
The curve relative to a 
scattering angle of 45° is 


reproduced in Figure 37. 
For low velocities, the 
ratio R does not tend asymptotically to the value 1 , but 
rather to the value 2 , as a consequence of the resonance 
phenomenon in the collision between identical particles 
(see Chapter III, section 10). 

Other carefully invest!- 25 1 yn 

gated cases concern the / 

scattering of a-particles in i 

beryllium, boron, carbon, 15 - / 

and aluminum.®'’ The -B / 

general aspect of the phe- “ ’ ^ 

nomenon is the same for . 

all elements. 

Figure 38 represents a u I's is 1.7 nsTixio’ 

scattering curve for boron. velocity in cm. / sec. 

m ^gram shows that, 
for high velocities of the 

a-particle, the ratio of the observed scattering to the clas- 
sical scattering becomes as high as 25, and indicates, more- 
over, a rather sudden increase for a velocity of 1.7 • 10 ^ 


Chadwick, Proc. Roy. Soc., 128, 114 (1930); Blackett and Champion, 
ibid., 130, 380 (1931). 

See Chadwick, Rapport du Congrfe Solway, Brussels (1933). 
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A qualitative interpretation of these facts can be obtained 
from the model of the nucleus that we used for the treatment 
of a-decay. In order that an a-particle may undergo 
anomalous scattering, it must penetrate into the region 
where the potential is no longer given by the Coulomb 
law — that is, it must cross the potential barrier. Classi- 
cally, anomalous scattering should occur only for particles of 
energy higher than the top of the potential barrier, whereas 
in quantum mechanics there is considerable probability of 
penetration and, consequently, of anomalous scattering for 
somewhat lower energies, as confirmed by experiment. 

In the theory of collisions we observed that the scattering 
can be considered as resulting from a superposition of partial 
scattered waves corresponding to the different values of the 
angular momentum 1. The probability of penetration of 
an a-particle into the nucleus depends to a large extent upon 
the value of I, and usually decreases rapidly with increasing 
1. As the particles can show anomalous scattering only if 
they penetrate into the nucleus, it follows that only those 
partial waves will be scattered anomalously for which the 
probability of penetration is appreciably different from 
zero. Consequently, whereas at low velocities particles 
with any value of the angular momentum are normally 
scattered, with increasing velocity the wave with I = 0 will 
begin to be scattered anomalously, and the other waves will 
still be normally scattered. In this ease the additional 
scattering will show spherical symmetry. At a higher 
velocity, anomalous scattering of the wave with I = 1 
will begin to take place, and so on. The sudden increase 
of the ratio R in boron, which is shown in Figure 38, is 
interpreted as the wave with I = 2, beginning to show 
anomalous scattering. 

According to the theory of penetration of charged 
particles into the nucleus, as discussed in the preceding 
section, we should expect resonance scattering when the 
incident a-particle has an energ}”^ corresponding to a virtual 
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quantum state. Because of experimental difl&eulties, this 
effect has not been clearly observed. 

By investigating anomalous scattering for the various 
elements, we can evaluate for each one the nuclear radius 
and, consequently, the height of the potential barrier. It 
is found that these quantities are smooth functions of the 
nuclear charge, and that the nuclear radius increases 
approximately as the cube root of Z and also of the atomic 
weight. The empirical data can be expressed by the 
formula; 

p = 

Assuming a schematized potential, as in the a-decay theory, 
we find that the above gives as the height of the potential 
barrier for a particle of unit electric charge : 

= — = 7.2- EV 

P 

To obtain the potential for the a-particle, this value must be 
multiplied by the factor 2. 

For the general reasons emphasized at the end of the 
preceding section, we cannot expect to be able to predict 
quantitatively the shape of the scattering curves from the 
scattering theory based on a schematized potential field. 
More significant results will probably be obtained from the 
investigation of the anomalous scattering of protons by 
protons, which has recently been observed by White and 
by Hafstad, Heydenburg, and Tuve.®^ The scattering is 
found to become anomalous for proton energies higher than 
600 kEV ; the observed angular distribution can be approxi- 
mately accounted for by assuming that the additional 
proton-proton force (besides the Coulomb force) is at- 
tractive and has a short range ; the proton-proton interaction 
energy is found to be not much smaller than the proton- 
neutron interaction energy. For the elastic impacts of 
neutrons with nuclei, see sections 7 and 10 of this chapter. 

“White, Phys. Pev., 49, 509 (1936). 

“ Hafstad, Heydenbuig, and Tuve, Phys. Rev., 49, 402 (1936). 



Artificial Disintegration of Nuclei 231 

5. General remarks on artificial disintegrations. Up to 
this point we have considered only impacts of particles with 
nuclei where the kinetic energy is conserved — that is, elastic 
impacts. , However, from the information on the complex 
structure and the quantum levels of nuclei and from data on 
the penetration of charged particles into the nucleus, we 
must expect collisions to take place in which changes in the 
internal structure of the nucleus are produced. We may 
call these collisions inelastic, since the kinetic energy is not 
generally conserved. According to the effect produced on 
the nucleus by the colliding particle, we may classify these 
impacts as follows. 

(a) Impacts with excitation of the nucleus — w’here the 
only effect of the collision consists in leaving the nucleus 
in a higher quantum level. The nucleus will subsequentlj’- 
fall into the ground state with the emission of radiation. 

(fe) Impacts where the incident particle is captured, 
producing a nucleus generally different in charge and mass 
from the original nucleus. The surplus energy of the 
incident particle will usually be radiated. 

(c) Impacts which lead to the ejection of a particle from 
the nucleus, without the capture of the incident particle. 

(d) Impacts where the incident particle is captured but a 
different particle is simultaneously ejected, and hence the 
end products of the disintegration are two particles. 

(e) Impacts where the nucleus after the capture of the 
incident particle disintegrates into more than two end 
products. 

Many of these processes have actually been observed. 
The process of type (a), simple excitation of the nucleus, 
could be observed by detecting the emitted 7 -radiation. 
Actually, many light elements bombarded with a-particles, 
protons, neutrons, or deuterons show" an emission of 7 -rays. 
How"ever, in most of these cases the 7 -rays have been 
associated with nuclear reactions of other types, as w"e shall 
see in the following sections. A case of simple excitation of 
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the nucleus has been reported, by Schnetzler,®® to occur in 
lithium bombarded with a-particles, as the emission of 
Y-rays sets in at lower energies of the o'-particle than are 
required to produce the reaction with the emission of a 
neutron. (See section 7 of this chapter.) Excitation of 
the nucleus can probably be produced also by neutron 
impact. 

Process (6), that of simple capture, can be detected either 
through the emission of y-rays, or where the process gives 
rise to an exceptionally strong absorption of the incident 
particles. (See the discussion on slow neutrons, section 
10.) In some cases, reactions of this type are detected 
through the formation of a radioactive isotope. (See 
section 11.) The capture of a neutron or a proton has been 
experimentally observed. 

Disintegrations of type (c), without the capture of the 
incident particle, have not been observed up to the present 
time. 

Disintegrations of type (d), with two particles as end 
products, have been produced in a large number of cases by 
the impact of a-particles, protons, deuterons, or neutrons. 

Disintegrations of type (e), with three particles as end 
products, have been produced with protons and deuterons. 

Table 33 shows the variation in atomic weight and in 
atomic number produced by nuclear reactions with the 
capture and enaission of different types of particles. 

The first case of artificial disintegration was observed by 
Rutherford (1919) in bombarding nitrogen with a-particles. 
For many years, artificial disintegrations were produced 
only by means of the a-particles emitted by the natural 
radioactive elements, and they consisted of the capture of 
the incident a-particle and the emission of a proton. In 
1932 the experiments of Bothe and Becker, of Curie and 
Joliot, and of Chadwick led to the discovery of the neutron, 
which was found to be emitted by light elements bombarded 
with a-particles, through a reaction that is similar to the 


Schnetzler, Z. Phys., 95, 84 (1935). 
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one which leads to the emission of protons. In the same 
year Cockcroft and Walton were able for the first time 
to produce a nuclear reaction by means of artificially ac- 
celerated positive ions — that is, the transmutation of 
lithium by protons. 

The use of artificially accelerated particles and also of 
neutrons as bombarding particles, has enormously extended 
the field of artificial disintegrations. We shall describe very 
briefly the technique used in producing these high velocity 
particles. 

Although some nuclear reactions, like the transmutation 
of deuterium by deuterons and lithium by protons, can be 
produced also with particles of relatively low energy (of the 
order of 100 kEV or less), the study of artificial disintegra- 
tions requires in most other cases the use of very high 
voltages. Consequently, much progress in this field has 
been simultaneous with the improvement of high tension 
technique. The original experiments of Cockcroft and 
Walton, as well as much additional work done in other 
laboratories — for example, by Lauritsen and his associates — 
were performed by means of positive ions accelerated in a 
high voltage tube. This high voltage was produced by a 
system of transformers and rectifiers, and tubes were sue- 


Table 33 

DIFFERENT TYPES OF NUCLEAR REACTIONS 


Incident Particle 

Emitted Particle 

Z becomes 

A becomes 

a 

proton 

z + i 

A + 3 

a. '\ 

neutron 

Z-f 2 

A + 3 

proton 

— 

z+l 

*4 + 1 

proton 

a 

Z - 1 

A - 3 

proton 

neutron 

Z + l 

A 

proton 

deuteron 

z 

A - 1 

denteron 

proton 

z 

A + 1 

deuteron 

neutron 

Z+ 1 

*4 + 1 

denteron 

a 

Z ~ 1 

A - 2 

neutron 

— 

z 

A + 1 

neutron 

proton 

Z - 1 

A 

neutron 

a 

Z - 2 

A ~ 3 
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cessfully operated up to tensions of one million volts. 
However, considerable difiiculties were encountered in at- 
tempts to further increase the voltage. 

A particularly ingenious and efficient method of producing 
particles of extremely high energy without using high 
voltages has been developed by Lawrence and Livingston.®^ 
The method is based on the acceleration, in successive steps, 
of an ion describing a spiral path in a strong magnetic field, 
and the apparatus is therefore called a magnetic resonance 
accelerator, or cyclotron. 

If a charged particle moves normal to the lines of force in 
a uniform magnetic field, it describes a circle, and the time T 
necessary for a complete revolution is, disregarding rela- 
tivistic corrections, independent of the velocity of the 
particle, and therefore is a function only of the specific 
charge and of the intensity of the field. This time is ex- 
pressed by the relation : 

_ _ 2irmc 

- Jh~ 

Let us now suppose that the particle moves between two 
hollow semicircular electrodes to which an alternating 
potential of amplitude V and period T is applied. Consider 
an ion starting from a point near the center of the apparatus 
and accelerated through the potential drop V at the time 
when the potential reaches the peak value. This ion will 
then describe a semicircle inside the hollow electrode, and, 
when it recrosses the gap between the two electrodes, the 
resonance condition between the intensity of the magnetic 
field and the period of the oscillating voltage being satisfied, 
the potential between the electrodes will be in the opposite 
phase, and consequently the ion will be further accelerated 
and will acquire an energy corresponding to twice the 
potential V. This process will continue, the particle de- 
scribing semicircles of increasing radius and hence a spiral- 
like path, and acquiring a final energy that corresponds 
Livingston, Eev. Sci. Instr., 7, 55 (1936). 
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to the potential T" multiplied by twice the number of revolu- 
tions performed. The particle will eventually reach the 
edge of the circular tank containing the electrodes, and there 
it can be conveniently deflected by an electric field, brought 
out of the apparatus through a thin foil, and used for dis- 
integration experiments. 

Lawrence and his associates have successfully operated 
the cyclotron with oscillating voltages of the order of 30,000 
volts, and a magnetic field of the intensity of 16,000 gauss 
and a radius of 60 centimeters, thus being able to obtain a 
beam of deuterons of an energy corresponding to 5 ]MEY 
and an intensity of several microamperes. Almost all of 
the elements have been disintegrated by these particles; 
in most cases they give rise to new radioactive isotopes. 
These new artificial radioelements, which will soon be 
available in large quantities, can be used to further in- 
vestigate other nuclear phenomena. 

Lawrence has recently succeeded in accelerating He ions 
up to energies of 11 MEV. 

6. Transmutations by capture of an a-particle and emis- 
sion of a proton. We shall begin our description of nuclear 
disintegrations with the case where the incident a-particle 
is captured and leads to the emission of a proton. The 
general nuclear reaction for this type of transmutation can 
be written; 

Let us first consider the consequences which can be de- 
duced from the conservation of energy and momentum, 
independent of any particular assumption on the mechanism 
of the phenomenon. The present considerations apply in 
general to all disintegrations where we have two particles 
both before and after the process. 

Assume a reference system in which the center of mass of 
the two particles is at rest (relative co-ordinates). In this 
system of reference the total momentum will be zero after 
the impact also, and consequently the velocities of the 
product nucleus and of the proton will have opposite direc- 
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tions and magnitudes inversely proportional to the respec- 
tive masses. 

In Figure 39, the velocities v' in the relative co-ordinates 
have been represented by dotted vectors. To obtain the 



Figure 39. Momentum Conservation in Artificial Disintegrations. 

velocities v in the fixed reference system, we have only to 
add the vector representing the velocity of the center of 
mass. In this way we obtain the vectors indicated with 
the solid lines. 

Let ns further assume that the energy (positive or nega- 
tive) released in the disintegration process is constant. 
Then, once the energy of the incident a-particle is given, 
the total kinetic energy available for the two particles after 
the impact is assigned, and consequently the magnitudes of 
the velocities of the proton and of the product nucleus in 
the relative co-ordinates, are completely defined. The 
extremities of the two vectors % and v'^ must therefore lie 
on the two concentric dotted circles represented in Figure 
39. The above-mentioned translation determines immedi- 
ately the velocities an and Vz in the fixed reference system. 
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Thus, under our assumptions of momentum conservation 
and of a constant reaction energy, the protons emitted 
under a certain angle by bombardment with particles of 
defined energy must be homogeneous in velocity. "i^Tiereas 
this velocity is a function of the energy of the incident 
particle and of the angle of emission, the characteristic 
constant of the phenomenon will be the reaction energy AE, 
which is independent of all these circumstances. It is 
therefore important to calculate the reaction energy from 
the directly observed velocities of the a-particle and the 
proton and from the angle of emission 8. 

Let m„, win, M and Pa, Ph, P be the masses and momenta, 
respectively, of the a-particle, the proton, and the product 
nucleus. The conservation of momentum gives the equa- 
tion: 

= pi + Pb — ^PcpB. cos e (VI, 29) 

Now AE (taken as positive when energy is given out in the 
reaction) will be equal to the difference in the kinetic ener- 
gies after and before the process, or : 

By substituting for P the value given by equation (VI, 29) , 
we find immediately : 

( 1 + - .E. ( 1 - -j^PaPK cose (VI, 31) 

where Es. and represent the kinetic energy of the proton 
and the a-particle, respectively. 

We shall now compare the experimental facts with these 
theoretical predictions, inasfar as it is possible to do so with 
the present data. Experiments have not been made under 
ideal geometrical conditions since, on account of the low 
probability of the artificial disintegrations, these factors 
had to be sacrificed in favor of a higher intensity. The 
fundamental work on this type of transmutation was done 
by Rutherford and Chadwick, by Bothe and Fraenz, by 
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Pose and his associates, by Constable and Pollard, by 
Duncanson and Miller, and by many others. The general 
results of the investigations are the following. 

(a) By bombarding a given element with a-particles of 
the same velocity, one or more homogeneous groups of 
protons are observed for a certain emission angle. The 
existence of more than one group of protons may be ex- 
plained simply by assuming that the product nucleus can 
be left in excited states. If the o!-particle is bound at once 
in the ground state, the proton group of longest range and 
consequently the largest AE will occur ; otherwise, a proton 
group of lower velocity will be observed. In the latter case 
the product nucleus will subsequently fall into the ground 
state with the emission of y-rays. These y-rays can actually 
be observed and their frequencies, although measured only 
roughly, seem to agree with the differences between the 
various values of AE. 

(h) The dependence of the velocity of each proton group 
upon the angle agrees completely with the predictions de- 
duced from momentum conservation. 

(c) Sometimes, relatively homogeneous proton groups 
are observed also by bombarding an element in a thick 
layer — ^that is, with a-particles of all velocities between zero 
and the maximum. As the energy of the emitted protons 
must vary continuously with the energy of the incident 
a-particle, this fact indicates that some groups are produced 
only by a-particles of a velocity contained within narrow 
limits (resonance). This result is confirmed directly by 
measuring the excitation function — that is, by determining 
the yield of the protons as the energy of the incident a-par- 
ticle is varied continuously. The excitation curve fre- 
quently shows sharp maxima, indicating resonance. Usu- 
ally, on bombarding elements with a-particles of relatively 
low energy, only resonance penetration of the a-particle 
through virtual levels occurs, and therefore distinct proton 

complete references, see: Fleischmann and Bothe, Ergebnisse der 
Exakten Naturwissenschaften, XIII (1934) and XIV (1935); also Stetter, Phys. 
Z., 37, 88 (1936); Fea, Nuovo Cim. (June 1935). 
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groups are observed; whereas, by bombarding with a-par- 
ticles of energy higher than the top of the potential barrier, 
disintegration can be produced by particles of any velocity, 
and therefore no distinct proton groups are observed. 

(d) The yield of these disintegrations, expressed as the 
number of protons produced by an a-particle completely 
stopped in the substance, is of the order of 10~'^ to 10"". 

We shall now discuss the experimental material on the 
various elements, although this is by no means complete and 
considerable disagreement still exists among the results of 
the different experimenters. 

The directly measured quantity is the range of the proton 
groups, but since this depends upon non-essential factors 
(angle of emission and energy of the a-particle), w-e shall, 
rather, state the reaction energy AE corresponding to the 
different groups. The values of the reaction energy are not 
very accurate because, in addition to other experimental 
difficulties, there is some uncertainty in the knowledge of the 
energy-range relation for fast protons. The substances 
have usually been irradiated in the form of more or less thin 
layers, and the absorption curve of the emitted protons has 
been recorded. This curve gives the integral distribution 
in range; for a homogeneous proton group, it is ffat up to a 
certain range and then falls rapidly to zero. 

As an example, we have reproduced in Figure 40 an ab- 
sorption curve of the protons from aluminum. 
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Figure 40. Protons from the Disintegration of Aluminum. 
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It is generally assumed that the proton group of longest 
range (largest AE) corresponds to the product nucleus left 
in the ground state; the others correspond to excited states. 
The differences between the largest AE and the others thus 
give directly the energies of excited levels of the product 
nucleus. 

We shall now consider in detail each one of these reactions, 
taking into account only those data on which there is con- 
siderable agreement among the various experimenters. 

(1) Boron. The observed emission of protons is con- 
sidered to be due to according to the reaction: 

+ Hel Cf -1- Hi (VI, 32) 

Three values of the reaction energy AE observed are: 3.1, 
0.4, — 0.9 MEV, but there also is some evidence for other 
values. Resonance penetration seems to occur for a-par- 
ticles of 2.9 MEV. 

(2) Nitrogen. The emission of protons from nitrogen 
bombarded with a-particles, as observed by Rutherford 
(1919), constituted the first example of an artificial dis- 
integration. The phenomenon was subsequently investi- 
gated in the cloud chamber by Blackett,®’' who succeeded 
in observing several forked tracks which could be interpreted 
only by assuming that the incident a-particle was captured 
and that a proton was emitted from the nucleus, according to 
the nuclear reaction : 

Nl* + Hel 01’ + Hi (VI, 33) 

A well-ascertained group of protons corresponds to a reac- 
tion energy of — 1.3 MEV. There appears to be resonance 
penetration for a-particles of 3.5 MEV ; at about 4 MEV the 
top of the potential barrier is reached and a-particles of any 
energy can give rise to disintegration. 

(3) Fluorine. The emission of protons has been ob- 
served,®® according to the reaction: 

-t- Hel Nel§ + Hi (VI, 34) 

Chad-wick, Coastable, and Pollard, Proc. Roy. Soc., 130 , 463 (1931). 

S' Blackett, Proc. Roy. Soc., 134 , 668 (1932) ; Pollard, ibid., 141 , 375 (1933). 

S' Chad-wick and Constable, Proc. Roy. Soc., 135 , 48 (1932) . 
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Of the several values for the reaction energ 3 ^ which have 
been reported, the two at 1.0 and 1.7 MEV appear to be 
best established. Also, resonance levels for the a-particle 
seem to occur. 

(4) Sodium. Here proton emission has likewise been 
observed and can be interpreted onlj’" b\^ means of the 
reaction: 

Nai? + He| ^ Mgfl + Hi (VI, 35) 

There is still some uncertainty about the range of the proton 
groups. 

(5) Magnesium. Most of the effects observed are 
probably due to the disintegration of the abundant isotope 
Mg“^ although the disintegration of Mg-“ must also take 
place as shown by the production of the radioactive isotope 
Aps. The respective nuclear reactions are : 

Mg?| + He|- ^11 + Hi (VI, 36) 

Mgli + Hel- -Alfi + Hl (VI, 37) 

Of the several values for the reaction energjr recorded, onlj’ 
one at — 1.9 MEV seems to be established bejmnd anj’ 
doubt. 

(6) Aluminum. The disintegration of aluminum, ac- 
cording to the following scheme: 

Alg 4- Hel ^ Si?2 + Hi (VI, 38) 

is probably, the best-known reaction of the present tj’pe.®^ 
Four values for the reaction energy on w'hich most of the 
experimenters agree are: — 2.6, — 1.3, — 0.2, and 2.3 
MEV. The penetration of the a-particle shows resonance 
at four different levels: for particles of 4.0, 4.49, 4.86, and 
5.25 MEV. There are probably two more at 5.75 and 6.61 
MEV. At about 6.8 MEV, penetration of the a-particle 
above the top of the potential barrier sets in. An estimate 

Konig, Z. Phys., 90, 197 (1934). 

Duncanson and Miller, Proc. Roy. Soc., 146, 396 (1934); Klarmann, Z. 
Phys., 88, 411 (1934). 

Chadwick and Constable, l.c,; Duncanson and Miller, Lc. 
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of the width of the resonance levels gives the order of magni- 
tude of 10^ EV. 

(7) Silicon. The proton emission observed under 
a-particle bombardment is probably due to disintegration 
of the abundant isotope SP®, the structure of the proton 
groups appearing similar to the one found in magnesium. 
The reaction is probably : 

+ + (VI, 39) 

(8) Phosphorus. This element also enaits protons,®® ac- 
cording to the reaction: 

m + Hel Sfl -h HI (VI, 40) 

(9) Sulphur. The observed effect is probably due to the 
disintegration of the isotope S®®, according to the scheme: 

Sfi + He| ^ Clff -1- Hi (VI, 41) 

The disintegration has been produced with the fast 
a-particles from Th C', and three proton groups have been 
observed, corresponding to reaction energies of — 3.6, 
- 2.85, and - 2.35 MEV. 

The following text considers, briefly, artificial disintegra- 
tions in connection with the theory of penetration of charged 
particles into the nucleus, as developed in section 3. If we 
take, for example, the case of aluminum, the Gamow- 
Gurney-Condon formula gives, for a-particles of velocity 
V — 1.5-10®, a mean life t = 6.5-10“®^ seconds. Relation 
(VI, 27), between the probability of penetration and the 
mean life, determines immediately that the probability of 
penetration for a particle of the considered velocity in a 
path in the substance equivalent to one centimeter of air is : 

4.10-26 

Zr 

With the value of the mean life thus obtained and for 

» Haxel, Phys. Z., 36, 804 (1935). 

«Paton, Z. Phys., 90, 586 (1934). 

Haxel, I.C.; Brasefield and Pollard, Phys. Rev., 49, 641 (1936). 
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Z = 13, we find a probability of 2.5 -lO-'. This being the 
order of magnitude of the observed yield for these artificial 
disintegrations, it is reasonable to assume that each particle 
penetrating into the nucleus gives rise to the reaction. The 
width IB of the resonance levels can be calculated from the 
uncertainty principle. Thus we obtain: 

5J? = 1.7- ergs = 1.1-10=EV 

iTTT 

This result is in agreement with the observed width for 
resonance penetration. 

By means of Einstein’s relation, the energy balance of 
these nuclear reactions can be deduced from the masses of 
the nuclei. However, the experimental data on disintegra- 
tions produced by a-particles are too inaccurate to furnish 
a good test of Einstein’s relation. More favorable cases 
will be discussed in section 8 of this chapter. 

7. Transmutations by capture of an a-particle and emis- 
sion of a neutron: properties of the neutron. Bothe and 
Becker first observed a very penetrating radiation emitted 
in the bombardment of several light elements with a-par- 
ticles. The radiation was then believed to consist only of 
high energy 7 -rays, w^hereas further investigation of the 
phenomenon by I. Curie and Joliot and by Chadwick 
showed that part of the radiation consisted of neutral par- 
ticles of mass approximately equal to the mass of the hydro- 
gen atom, or neutrons. In the discussion of the structure 
of nuclei, we have already anticipated some material on the 
properties of the neutron. 

A property which is characteristic of the neutron as com- 
pared with heavy charged particles is its high penetrating 
power, due to the almost negligible interaction with the 
electrons and the consequent absence of ionization. The 
neutron shows, for example, no tracks in the cloud chamber, 
but can be observed through its interaction with nuclei to 

Botte and Becker, Z, Phys., 66, 289 (1930). 

I. Cui-ie and Joliot, C. R., 194, 273, 708, and 876 (1932). 

0’ Chadwick, Proc. Roy. Soc., 136, 692 (1932). 
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which a neutron can transfer a large amount of energy in a 
collision. The study of these recoil nuclei enables us to 
determine approximately the mass and the velocity of a 
neutron. More details on the collisions between neutrons 
and nuclei will be given later. 

The transmutations produced by a-particles which give 
rise to neutrons are believed to be similar to the one which 
leads to the emission of a proton, and consequently the 
considerations that we have discussed in connection with 
momentum and energy conservation still, apply to the pres- 
ent case. The yield of these disintegrations is also of the 
same order of magnitude as that for the disintegrations with 
the emission of a proton. The highest yield is shown by 
beryllium; in this case it corresponds to about fifty neutrons 
emitted for a million a-particles of 4 cm. range completely 
stopped in the substance. Other elements for which a neu- 
tron enaission under bombardment of a-particles has been 
detected are; lithium, boron, fluorine, neon, sodium, mag- 
nesium, and aluminum.^® The probable nuclear reactions 
which occur in these cases are the following (the neutron 
is indicated by the symbol nj) : 


Ul 

+ Het B|“ 

+ Ho 

(VI, 42) 

Bel 

+ He| ^ 

+ nj 

(VI, 43) 

B|‘ 

+ He| 

+ nj 

(VI, 44) 


-f- Hel — > Naff 

+ Ho 

(VI, 45) 

Nefo 

+ He|->Mgf| 

+ Ho 

(VI, 46) 

Nal? 

+ Hel Alfl 

+ Ho 

(VI, 47) 

Mgfl 

+ Hel Sifl 

+ Ho 

(VI, 48) 

Alll 

+ Hel PfI 

+ nS 

(VI, 49) 


It will be noticed that some of the products of these 
reactions are known stable nuclei (B“, C^-, N^‘‘, Mg^^), 
whereas other nuclei are unstable (Na^^ Al-'’, Si^', and 

®®For complete references, see Fleischmann and Bo the, Ergebnisse der 
Exakten Naturwissenschaften, XIII (1934) and XIV (1935). 
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show positron activity. (See section 11 of this chapter.) 
To obtain definite information on the energy of these reac- 
tions, it would be necessary to measure the velocity of the 
neutrons emitted under a given angle when the element is 
bombarded with homogeneous a-particles. However, in 
addition to the difficulties encountered in similar experi- 
ments on the disintegrations with the emission of protons, 
in the present ease -we have the fact that the energy of the 
neutrons can be measured only indirectly through another 
collision process (for example, in hydrogen, by determining 
the range of the collision protons). Consequently we 
possess only meager information on the energies of the neu- 
trons emitted in the various reactions. 

Very meager also are the data on the excitation functions 
of these reactions. The best-known case is the disintegra- 
tion of beryllium, where the excitation curve (as shown in 
Figure 41) shows a resonance for a-particles of 2 cm. range. 
This resonance is interpreted, as usual, as corresponding to a 
virtual level for the a-particle. 

The velocity spectrum of the emitted neutrons should 
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consist of homogeneous groups, if experiments are per- 
formed under well-defined geometrical conditions. In 
many cases several groups of neutrons must be present, as 
shown by the emission of 7-rays, which are interpreted as 
corresponding to excited levels of the product nucleus. In 
berylhum, the intensity of this 7-radiation is of the order of 
one quantum per disintegration, and the spectrum is com- 
plex, consisting of three lines of 2.7, 4.2, and 6.7 MEV.®®“ 

We possess some information on the maximum energy of 
the neutrons emitted by a few elements bombarded with 
the a-particles of polonium (energy, 5.3 MEV). This 
energy appears to be about 8 MEV for the beryllium 
neutrons, although most neutrons have much lower energies : 
3.3 MEV for boron; 0.5 MEV for lithium; and about 2 MEV 
for fluorine, sodium, magnesium, and aluminum. 

If the reaction energy could be accurately measured, the 
mass of the neutron could be evaluated from the masses of 
the nuclei which take part in these reactions. Because of 
the difficulties that we have pointed out, the present type of 
reaction is not very convenient for this purpose. Conse- 
quently we shall determine the mass of the neutron from 
other and more favorable reactions, which will be discussed 
in section 9 of the present chapter. 

Let us now consider more carefully the interaction of 
neutrons with matter. We have already pointed out that 
the interaction of the neutron with the electrons is negligible. 
This is easy to understand from the standpoint of the 
theory of collisions developed in section 1. In the present 
case we can apply the Born approximation, since the De 
Broglie wave length of the electron is very large compared 
with the radius of action of the forces. In this case the 
scattering shows spherical symmetry, and the collision 
cross-section is given by formula (VI, 13). By introducing 
for the interaction energy a reasonable value, of the order 
of 1 MEV, the cross-section is calculated to be extremely 
small. The same formula indicates that, for a similar 
interaction energy, the collision cross-section is propor- 


»“Bothe, Z.Phys., 100, 273 (1936). 
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tional to the square of the mass, and therefore we may ex- 
pect the proton-neutron cross-section to be of the order of 
magnitude one million times larger than the neutron- 
electron cross-section. This explains the fact that neutrons 
interact almost exclusively with nuclei. 

The neutron-proton collision is particularly important for 
its theoretical significance. With the neutron energies 
available, the De Broglie wave length is still large enough 
for us to expect that the scattering will show spherical 
symmetry when considered in the relative co-ordinates. 
In this case, the two particles having approximately equal 
mass, the momentum distribution of both particles in the 
relative co-ordinates will be uniform in magnitude and 
direction. The distribution can therefore be represented by 
vectors with origin in the center of a sphere and with end 
points uniformly distributed over the surface of the sphere. 
In order to obtain the momentum distribution in magnitude 
and direction, with respect to the fixed axes, we must add 
the velocity of the center of mass, which we obtain by 
keeping the end points of these vectors fixed and by shifting 
the origin to a point on the surface of the sphere. 

This case is illustrated in Figure 42, where p' and pa 



Figure 42. Collision Between Particles of Equal Mass. 
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indicate the momenta in the relative co-ordinates, and 
and Ph the momenta in the fixed reference system. 

These collisions have been investigated by means of the 
cloud chamber. The neutron leaves no visible track; but 
once the position of the neutron source is known, observation 
of the proton track is sufficient to describe completely the 
collision process. This investigation has confirmed the 
expectation of a scattering with spherical symmetry in the 
relative co-ordinates. 

The collision cross-section has been determined for the 
inhomogeneous neutrons emitted in the beryllium reac- 
tion and, according to comparatively accurate measure- 
ments made by Dunning,^” is 1.6 cm^. This cross- 
section can be calculated approximately, as shown by 
Bethe and Peierls,^”^ when only the binding energy of the 
two particles in the deuteron, which is about 2.2 MEV, is 
known. For neutrons of one MEV, we thus obtain a colli- 
sion cross-section of 1.4 • 10“^^. A complete formula for the 
cross-section has been given on page 190. 

We also wish to point out a consequence of the assump- 
tion of an exchange interaction between neutron and proton, 
as discussed in Chapter V (section 5). For neutrons of 
velocities sufficiently high to produce appreciable deviations 
from the spherically symmetrical scattering, the exchange 
between two particles gives rise to characteristic modifica- 
tions of the angular distribution of the scattered protons, 
discussed by Wick and by Bethe and Peierls.^"^ How- 
ever, these effects become important only for much higher 
energies of the neutron than are available at present. 

The collisions of neutrons with other nuclei have also been 
investigated. We shall consider here only elastic collisions 
of fast neutrons (energy of the order of one MEV), whereas 
collisions leading to disintegrations will be discussed at 

Meitner and Philipp, Z. Phys., 87, 484 (1934). 

Dunning, Phys. Rev., 45, 586 (1934). 

^02 Bethe and Peierls, Proc. Roy. Soc., 149, 176 (1935). 

103 Wick, Z. Phys., 84, 799 (1933). 

10^ Bethe and Peierls, Lc. 
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length in section 10. The collision cross-sections are all of 
the same order as the proton-neutron cross-section (10“-^ 
cm"), and increase regularly with the atomic number, as 
shown in Figure 43. Each of these cross-sections is prac- 
tically equal to the geometrical cross-section of the nucleus. 

The data shown in Figure 43, obtained by Dunning and 
Pegram,^“^ refer to the inhomogeneous neutrons emitted by 
a radon-beryllium source. 
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Figure 43. Cross-sections for Elastic Collisions of Fast Neutrons with Nuclei 

Corresponding to the above values for the collision cross- 
section, the thickness of matter necessary to reduce to one- 
half the intensity of a beam of fast neutrons varies between 
5 gm./cm^ for paraffin or water, and 50 gr./cm- for heavy 
elements. The cross-section for inelastic collisions is 
usually somewhat smaller than the cross-section for elastic 
scattering (see section 10). 

8. Transmutations produced by protons and deuterons. 

We shall classify into three types the numerous reactions 
that have been observed as produced by the bombardment 
of nuclei with protons and deuterons: (a) radiative capture; 


Dunning, Pegram, Fink, and Mitchell, Phys. Rev., 48, 265 (1935). 
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(b) reactions with two particles as end products; and (c) 
reactions with more than two particles as end products. 

(а) Radiative capture. In order that a particle may be 
captured by a nucleus and bound in a stable state, the sur- 
plus energy must be disposed of in some way. In the reac- 
tions studied earlier > we had two particles as end products 
of the disintegration, and all the energy that was left over 
from the formation of these two particles in stable (not 
virtual) quantum levels appeared as kinetic energy. This 
effect is impossible in a simple capture reaction, because the 
kinetic energy (considered in the relative co-ordinates) is 
obviously zero after the impact. Then the extra energy 
must be disposed of by means of another process, which is 
usually the emission of a y-ray. For this reason we call the 
above a radiative capture. 

Since we have in this case no fast particles as products of 
the disintegration, we must seek in different ways to find 
evidence of the radiative capture — for example, by detecting 
the y-rays emitted in the process. An indirect method of 
detecting a radiative capture is afforded in the cases where 
the product nucleus is a /3-active instead of a stable one. 
This occurs on a large scale in the capture of neutrons 
(section 10). 

The only well-ascertained case of radiative capture of 
charged particles is the capture of a proton by carbon, ac- 
cording to the nuclear reaction; 

+ (VI, 50) 

The reaction is detected both by the emission of the y-ray 
and by the formation of the active nitrogen^®® (section 11). 
There appear to be two resonance energies for the proton at 
400 and 480 kEV. Another possible case of radiative cap- 
ture is that of a proton by Li^ (see later text). 

(б) Reactions with two particles as end products. All that 
has been said in section 6 about the consequences of energy 
and momentum conservation holds also for reactions of 

^“'Hafstad and Tuve, Phys. Rev., 48, 306 (1935). 
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this type produced by protons and deuterons. We shall 
here point out only certain characteristic differences be- 
tween these reactions and those produced by ^-particles: 
(1) The product nuclei are almost always left in the ground 
state. (2) Generally no resonance penetration is observed 
(however, see later text). (3) In many cases, since the 
momentum of the impinging particle is negligible, we can 
state a velocity of the product particles regardless of the 
angle of emission. 

We shall now discuss in detail the most important reac- 
tions of this kind produced in the lightest elements : hydro- 
gen, lithium, beryllium, boron, and carbon. The values of 
the reaction energies are summarized in Table 34 (page 249) 
for comparison with the mass defects. 

(1) Hydrogen. Deuterium bombarded with deuterons 
gives rise to two important reactions, as discovered by 
Oliphant, Harteck, and Rutherford.”’’ One reaction is: 

D! + Df Hi + H? (VI, 51) 

The two product particles have ranges in air of 1.6 and 14.7 
cm., respectively. The new isotope of hydrogen (H®) is 
probably stable and seems to exist, in a very small amount, 
in ordinary hydrogen also. The energy released in reaction 
(VI, 51) is 4.0 MEV; from this we can evaluate the mass of 
(see later). 

The other reaction is : 

D? + D? ^ Hei -h nj (VI, 52) 

The neutrons have an energy of about l.S MEV. (For a 
comparison of the reaction energy with the mass of the new 
isotope He®, see later text.) 

Both reactions occur with approximately equal probabil- 
ity, and are already easily detectable with deuterons of 
100 kEV. The second reaction pro\udes one of the most 
important artificial neutron sources. 

Oliphant, Harteck, and Rutherford, Proc. Roy. Soc., 144, 692 (1934); 
Dee and Gilbert, ibid., 149, 200 (1935); Bonner and Brubaker, Phvs. Rev., 
49, 19 (1936). 



242 


Artificial Disintegration of Nuclei 


(2) Lithium. This element bombarded with deuterons 
and protons gives rise to a number of reactions, due partly 
to Li® and partly to Li^. By irradiating the pure isotopes 
separated by means of a mass spectrograph, Oliphant, 
Shire, and Crowther were able to show which reactions 
were due to Li® and which to Li^. The reactions observed 
are given in the following text. 

Reaction: 

Lil + Hi — > 2 He| (VI, 53) 

This was the first reaction produced by means of artifi- 
cially accelerated particles (Cockcroft and Walton,^®® 1932). 
The two a-particles each have a range in air of 8.3 cm., cor- 
responding to a reaction energy of 17.1 MEV. This reac- 
tion has been observed with protons of energy as low as 
13 kEV (Kirchner The emission of the two a-particles 
in opposite directions has been verified by means of experi- 
ments in a cloud chamber; also, the small deviation of the 
angle between the two tracks from 180°, due to the mo- 
mentum of the impinging proton, has been measured and 
found to be in agreement with theory. Eor a comparison of 
the reaction energy with the mass defects, see Table 34. 

Reaction: 

Lit -f Df 2 He| (VI, 54) 

The above reaction, analogous to (VI, 53), was discovered 
by Lawrence.^“ The two a-particles each have a range of 
12.7 cm., corresponding to a reaction energy of 22.1 MEV. 

Reaction : 

Lii + Hat + Hel (VI, 55) 

The two helium particles have ranges of 8.2 and 12 mm. 


los Oliphant, Shire, and Croivther, Proc. Roy. Soc., 146, 922 (1934). 

Cockcroft and Walton, Proc. Roy. Soc., 137 , 229 (1932); Oliphant, 
Kempton, and Rutherford, ibid.^ 149 , 406 (1935) . 

Kirchner, Phys. Z., 34 , 777 (1933); Kirchner and Neuert, ibid., 34 , 897 
(1933); 35 , 292 (1934). 

Lewis, Livingston, and Lawrence, Phys. Rev., 44 , 317 (1933); Oliphant, 
Kempton, and Rutherford, Proc. Roy. Soc., 149 , 406 (1935). 

Oliphant, Kinsey, and Rutherford, Proc. Roy. Soc., 141, 722 (1932); Dee, 
ibid,, 148, 623 (1935). 
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Reaction: 

Lit + D? La + Hi (VI, 56) 

Cockcroft and Walton observed a group of protons of 
30.5 cm. range, which is probably explained by the trans- 
formation of Li® into Li~. 

Reaction: 

La + Hi — > Be| “t nj (VI, 57) 

The neutrons emitted in reaction (VI, 57) have an energy 
of about 13 MEV, which is in agreement with the mass of 
the new isotope Be® as deduced from other reactions (see 
Table 34). 

Lithium bombarded with protons emits also a y-radia- 
tion whose spectrum extends into very high energies (up 
to 16 MEV) and whose relation to the nuclear reactions is 
not yet quite clear. As this emission of y-rays, in contrast 
to reaction (VI, 53), shows a sharp resonance for protons 
of 450 kEV, it appears to be connected rather with a radia- 
tive capture and formation of Be|. The high energy avail- 
able is in agreement with the mass defects. 

In Figures 44 and 45 (page 244) we have the absorption 
curves of the particles from lithium. 

Reaction: 

La + D? ^ Lii + Hi (VI, 58) 

According to Lauritsen and his associates, the above reac- 
tion would explain the emission of a group of protons of 26 
cm. range. The isotope Li| appears to be radioactive and 
to go over into Be| with the emission of an electron. 

(3) Beryllium. This element when bombarded with pro- 
tons or deuterons also gives rise to several reactions which 
have been investigated -with special care by Oliphant, 
Kempton, and Rutherford.”® 

Cockcroft and Walton, Proc. Roy. Soc., 144, 704 (1934). 

Bonner and Brubaker, Phys, Rev., 48, 792 (1935). 

Crane, Delsasso, Fowler, and Lauritsen, Phys. Rev., 48, 125 (1935). 

^i^Hafstad and Tuve, Phys. Rev., 48, 306 (1935). 

Fowler, Delsasso, and Lauritsen, Phys. Rev., 49, 561 (1936). 

Oliphant, Kempton, and Rutherford, Proc, Roy. Soc., 150, 240 (1935). 
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Reactions : 

Bel + Hi Bel + D? (VI, 59) 

Bel 4" Hi — > Lis 4" He| (VI, 60) 

Both the deuteron and the a-particle emitted in the above 
reactions have a range in air of about 7 mm. Reaction 
(VI, 59) can be used to determine the mass of Be®. 
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Figiixe 44. Absorption Curve of the Particles from the Disintegration of 
Lithium by Protons. The group of 8.4 cm. range represents the a-particles from 
reaction (VI, 53); the two short-range groups represent the He particles from 
reaction (VI, 55). 
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Figure 4S. Absorption Curve of the Particles from the Disintegration of 
Lithium by Deuterons. The group of 12.7 cm. range results from the disintegra- 
tion of Li6; the continuous distribution, from Li^ See reactions (VI, 54) and 
(VI, 75). 
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Eeaetion; 

Be| -|- ^ Lis + Hel (VI, 61) 

Here the two particles have a range in air of about one and 
three centimeters, respectively. 

Reaction: 

Bel -f D? B's" + nj (VI, 62) 

According to Bonner and Brubaker, the emitted neutrons 
have an energy of 4.5 MEV. Reaction (VI, 62) provides 
a very convenient artificial neutron source and, for energies 
above 600 kEV, gives a higher yield than reaction (VI, 52). 
The emission of y-rays is also observed. 

Reaction: 

Bel + Df Be? + H{ (VI, 63) 

According to Oliphant, Kempton, and Rutherford, a group 
of protons of 26 cm. range can be interpreted by means of 
the above reaction. The mass of the new isotope Be^“ can 
be calculated, and will be found to be slightly higher than 
the mass of B^®. 

Reaction : 

Bel + Df Bel + Hf (VI, 64) 

The above reaction seems to explain a group of particles of 
8.6 cm. range. 

(4) Boron. In this case we likewise have to consider 
several reactions. 

Reaction : 

B^' + Hi ^ Bel + He| (VI, 65) 

The above reaction would explain a group of a-particles of 
4.4 cm. range, as observed by Kirchner.'®® 

Reaction: 

BF A D| Bi' + Hi (VI, 66) 

According to Cockcroft and Walton,'®’^ the above reaction 
explains three groups of protons: 31 cm., 59 cm., and 91 cm. 

Bonner and Brubaker, Phys. Rev,, 47, 910 (1935). 

120 See Neuert, Phys. Z., 36, 629 (1935). 

121 See Cockcroft and Lewis, Proc. Roy. Soc., 154, 246 and 261 (1936). 
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range, with corresponding reaction energies of 4.6, 7.0, and 
9.1 MEV. The group of longest range would correspond 
to the formation of the nucleus in the ground state; the 
two others, to excited levels. 

Reaction: 

+ + (VI, 67) 

According to Lauritsen and his associates, the above reac- 
tion explains the formation of a radioactive Bs^ (half-life, 
0.02 sec.). 

Reaction: 

Bg^ -1- Di — > Cg^ -f- nj (VI, 68) 

The above reaction has been proposed by Lauritsen and 
his collaborators to explain the emission of neutrons from 
boron bombarded with deuterons. A strong y-radiation 
shows that the carbon nucleus may be left in excited states. 
Reaction: 

BJ" + D? Bet + He| (VI, 68-A) 

The above reaction explains a group of a-particles of 14.7 
cm. range, as observed by Cockcroft and Lewis.^^^ The 
reaction energy is 17.5 MEV. 

Reaction: 

Bi* + Df Bet + Hei (VI, 68-B) 

The above reaction has also been observed by Cockcroft 
and Lewis. The range of the a-particles is 4.6 cm., corre- 
sponding to a reaction energy of 8.1 MEV. 

Reaction: 

Bjo + Df Cl' + nS (VI, 69) 

In addition to reaction (VI, 68), Lauritsen and his asso- 
ciates have proposed this reaction to explain the forma- 
tion of active positron-emitting carbon. 

>22 Fowler, Delsasso, arid Lauritsen, Phys. Rev., 49, 561 (1936); however, see 
also Cockcroft and Lewis, Proc. Roy. Soc., 154, 246 (1936). 

^23 Crane, Lauritsen, and Soltan, Phys. Rev., 45, 507 (1934). 

Cockcroft and Lewis, lx. 

^35 Crane and Lauritsen, Phys. Rev., 45, 530 (1934). 
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(5) Carbon. Carbon bombarded with deuterons gives 
rise to a radioactive nitrogen N 7 ®, according to the reaction: 

CJ" + Df Nl" + nj (VI, 70) 

observed by Cockcroft, Gilbert, and Walton, and by 
Lauritsen and Crane and also to the reaction: 

Cf + D!^Cj* + Hl (VI, 71) 

where the emitted protons have a range of 14 cm., corre- 
sponding to a reaction energy of 2.7 MEV. The jdelds for 
reactions (VI, 70) and (VI, 71) are approximately equal. 

( 6 ) Other elements. Many other elements have been dis- 
integrated by deuteron bombardment. By the use of 
very high energy particles (up to 5 MEV), Lawrence and 
his collaborators have reported reactions even among 
heavy elements (Pt, Z — 78). 

The reactions have been detected in most cases by the 
formation of a (3-aetive substance. (The new isotopes thus 
obtained will be described in section 11 of this chapter.) 
There are three general types of reactions. In the first, 
which follows the general scheme: 

X^ + * (VI, 72) 

a neutron is emitted, and the product nucleus, if not stable, 
shows a positron activity. This type of reaction is observed 
only for light elements. The second type of reaction, ob- 
served for elements of all atomic weights, follows the scheme : 

Xf + Df Yi+' -h (VI, 73) 

and the product nucleus, if unstable, decays with the emis- 
sion of electrons. The third type of reaction: 

X| + Df Y|Z? + He| (VI, 74) 

is observed chiefly for light elements. 

^26 Cockcroft, Gilbert, and Walton, Nature, 133, 328 (1934). 

^27 Crane and Lauritsen, Phys. Rev., 45, 430 (1934). 

^28 Cork and Lawrence, Phys. Rev., 49 , 205 (1936). 
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(c) Reactions with more than two 'particles as end products. 
In these cases, the relations of momentum and energy con- 
servation are not sufficient to determine the velocity of each 
end-product particle as a function of the angle of emission. 
The change in mass determines only the total kinetic energy 
of the end products; this kinetic energy can be distributed 
among them in an infinite number of ways. Thus the 
characteristic feature that will distinguish this type of reac- 
tion is the continuous velocity spectrum of the product 
particles. 

Disintegrations exhibiting these characteristics have 
actually been observed with lithium and boron, and it 
has been proved that the products of the reaction were, in 
each case, three particles. These reactions are : 

Li| -h D? 2 He| -f nj (VI, 75) 

BJ' + Hi 3 He| (VI, 76) 

-t- Df ^ 3 He| (VI, 77) 

In the case of bombarded with protons, the simultaneous 
emission of the three a-particles has been observed in 
the cloud chamber. The a-particles show, in all cases, a 
continuous velocity spectrum instead of a well-defined 
range. The maximum range — which is, for the three cases, 
7.8 cm., 3.8 cm., and 14 cm., respectively — will result when 
two particles are emitted in the same direction and the 
third is emitted in the opposite. The reaction energy calcu- 
lated from this maximum range is in agreement with the 
mass defects. 

Table 34 shows a comparison of the values of the reac- 
tion energy LE for several of the reactions considered in this 
section, as observed and calculated from the masses of the 
light elements.^^i We have included also some reactions 
that are discussed in the following sections. 

“’Oliphant, Kinsey, and Rutherford, Proc. Roy. Soc., 141, 722 (1933); 
Bonner and Brubaker, Phys. Eev., 48, 742 (1935). 

^30 Dee and Gilbert, Proc. Roy. Soc., 154, 279 (1936). 

Oliphant, Kempton, and Rutherford, Proc. Roy. Soc., 150, 240 (1935). 
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The values of AE are expressed in thousandths of a mass 
unit. The corresponding values in IMEV can readily be 
obtained by multiplying by the factor 0.931. 

We shall now discuss briefly the excitation function for 
reactions produced by protons and deuterons. Accurate 
measurements have been performed only in a few cases; 
usually the only datum known is the yield expressed in 
number of disintegrations per incident particle, when the 
latter is completely stopped in the material. Only in a 
few cases has the substance been irradiated in a thin layer, 
and the cross-section for disintegration as a function of the 
velocity thus been given with a certain degree of accuracy. 
Most measurements have been made by Cockcroft and his 

Table 34 


CALCULATED AND OBSERVED VALUES OF THE REACTION 
ENERGY FOR CERTAIN NUCLEAR REACTIONS 
(In Thousandths of a Mass Unit) 


Reaction 

Calculated AE 

Observed AE 

HI -(- Ql D2 

2.4 

2.4 

D2 4* D2 hi + H3 

4.3 

4.3 

D2-f-D2 ->-He3+ni 

3.3 

3.4 

Lie + HI Hes + He^ 

4.0 

3.8 

Li« + D2 2He^ 

23.7 

1 23.7 

Li' + D2 Li’' + HI 

5.4 

5.3 

Li® + He^ + H® 

5.0 

4.9 

Li^ + HI ^ 2He^ 

18.3 

18.4 

Be' + HI Be' + D' 

0.5 

0.5 

Be» 4-H^-->Li® -hHe^ 

2.0 

2.2 

Be® 4- D2 W 4- He^ 

7.4 

7.7 

Be®4-D2-^BeS4-Hi 

4.8 

4.8 

Be® 4- D2 Bi® -h ' 

4.6 

5.3 

Be® Be® 4- 

-1.9 

-1.7 

BIO -f- D® Bii -h B} 

9.8 

9.8 

Bii + Be® 4- He^ 

9.1 

9.1 

Bii 4- D2 -> Be® + He^ 

8.6 

8.8 

C12 + D2 C'® 4- H^ 

3.0 

2.9 

-1- -> Ni® 4- HI 

9.2 

9.2 

N14 4- -h H^ 

0.6 

0.6 

Nu 4- C'® -f He^ 

14.2 

14.2 

016 -1- D2 4- He^ 

3.2 

3.4 
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associates; by Kirchner; by Hafstad and Tuve; and by 
Lawrence and his collaborators We shall consider only 
a few of the better-known characteristic cases. 

(1) Disintegration of Li’’ hy protons, with emission of two 
a-particles. Accurate measurements have been made be- 
tween 100 kEV and 1,000 kEV, the cross-section increasing 
correspondingly from 5.10~^® to 3.7 • 10~-’. This increase is 
roughly exponential at low velocities but becomes much 
slower for energies approaching one MEV. These facts 
can be explained by means of a simple consideration con- 
cerning the penetration of a charged particle through the 
Coulomb field of the nucleus. 

Let us assume that the probability of disintegration is 
proportional to the probability of a proton’s being found 
inside the nucleus — that is, to \^p(.0)\^ where 4/(r) is the 
probability amplitude of the proton at a distance r from 
the center of the nucleus. As the De Broglie wave length 
of the proton is larger than the radius p of the nucleus, in a 
first approximation we may disregard the modification of 
the eigenfunctions due to the existence of a potential well 
in the center of the nucleus. That is, we may assume the 
Coulomb field to extend to the center. The expression of 
the eigenfunctions in a Coulomb field states that, if the 
incident beam corresponds to one proton of momentum p 
per unit volume, the density of probability in the center is : 


Ave^mZ 

hp 


iwe^mZ — : 

; e '‘3’ 

hp 


If the incident beam corresponds to n protons per second 
and per cm^ the density of the protons will be nmip. 
Consequently, by introducing for the constants their 
numerical values, we find that the probability of disinte- 
gration, or the corresponding cross-section, must be 


Hafstad and Tuve, Phys. Rev., 48, 306 (1935). 

>53 Lawrence, McMillan, and Thornton, Phys. Rev., 48, 493 (1935). 
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proportional to; 


y|^(0)M= 1.3-10^ Je" 


This form of dependence of the cross-section upon the 
velocity agrees closely with the experimental data for low- 
velocities; whereas at higher energies, w’hen the proton goes 
over the top of the potential barrier, we must expect the 
cross-section no longer to increase with increasing velocity 

(2) Disintegration of deuterium hy deuterons. The po- 
tential barrier in the present ease is so low that, above 100 
kEV, the increase in the yield is due only to the increased 
penetration of the particle in the material. 

(3) Disintegration of nuclei of medium and high atomic 
weight hy high speed deuterons. These disintegrations, 
usually detected through the formation of a radioactive 
product, have been studied by Lawrence and his associates 
for energies of the deuteron up to 5 MEV. It has been 
observed that the disintegration takes place at lower 
velocities, and that the yield increases with the velocity 
more slowly than would be expected from the considerations 
which we have applied to the disintegration of lithium by 
protons. 

A theory of this effect has been given by Oppenheimer 
and Phillips, who brought it into relation with the finite 
dimensions and low binding energy of the deuteron. xA.s 
the neutron is not repelled by the Coulomb field of the 
nucleus, whereas the proton is, a deuteron coming very 
close to the nucleus is polarized, and the neutron is eventu- 
ally captured, whereas the proton is left out. In this case 
the effect of deuteron bombardment results in a neutron 
capture. The theoretical excitation function curves agree 
with experimental data. Cases of resonance in disinte- 
grations produced by high speed deuterons have also been 
reported by Lawrence and his associates.^®® 

Ostrof^ky, Breit, and Johnson, Phys. Rev., 49, 22 (1936). 

Cork and Lawrence, Phys. Rev., 49, 788 (1935). 
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9. Photodisintegration of nuclei. A nuclear analogue of 
the atomic photoelectric effect was discovered by Chadwick 
and Goldhaber (1934). They observed that the deuteron 
can be disintegrated into a proton and a neutron by 
irradiation with sufficiently hard y-rays. 

The minimum quantum energy sufficient to produce the 
disintegration will correspond to the binding energy of the 
deuteron, and therefore an accurate measurement of this 
threshold value will be particularly important. Because 
we do not possess y-rays of continuously variable frequency, 
a determination of the binding energy has been attempted 
by Chadwick and Goldhaber with a different method — 
that is, by measuring (with a linear amplifier) the energy of 
the proton produced in the disintegration when the y-ray 
of Th C" of 2.62 MEV is used. On account of the approxi- 
mately equal masses of the two product particles, the energy 
is distributed equally between them. The experimenters 
foxmd a total energy of 0.50 MEV, which would place the 
binding energy of the deuteron at 2.1 MEV. This result is 
in agreement with the observed fact that the photo- 
disintegration is produced also, although with much reduced 
intensity, by the y-rays from the active deposit of radium, 
where the line of highest frequency known is at 2.19 MEV. 
However, from cloud chamber experiments Eeather 
found a higher value, 2.3 MEV, for the binding energy. 

Taking as an average 2.2 MEV, we deduce for the mass of 
the neutron the value 1.0090, if we assume for the mass of 
the deuteron the value 2.0147. 

Chadwick and Goldhaber have found that the cross- 
section for photodisintegration with a y-ray of 2.62 MEV 
is about O.IO""^* cm®. 

The theory of this process has been given by Bethe and 
Peierls,^®* who showed that it is possible to calculate the 
cross-section for photodisintegration when only the binding 

Chadwick and Goldhaber, Proc. Roy. Soe., ISl, 479 (1935). 

'"Feather, Nature, 136, 467 (1936). 

Bethe and Peierls, Internat. Conf. on Phys., London (1934). 
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energy Eo of the deuteron is known. The cross-section is 
given by the formula ; 


where 


4 he^ (y - 1)3/2 

3 McEo 7 * 


(VI, 78) 


7 = 


Eq 


This expression reaches a maximum when the energ\^ of the 
photon hv is twice the binding energy. For hv = 2.62 
MEV, it gives <r = 8.10“-®, a result in close agreement with 
the experimental value. Expression (VI, 78) vanishes 
rapidly when* the energy of the y-quantum nears the binding 
energy Eo. This result contradicts observations on the 
inverse process of the one considered here, the recombi- 
nation of neutron and proton with emission of radiation. 
Fermi has shown that this discrepancy disappears if we 
take into account the magnetic radiation, which gives an 
additional term in the expression for the cross-section (see 
also section 10, page 261). 

The calculations of Bethe and Peierls are valid within the 
limits of very short-range forces between proton and 
neutron. Breit and Condon have made the calculations 
for forces of finite range, and shown that measurements of 
the cross-section with high energy y-rays (5 to 10 MEV) 
could give information about the nature of the proton- 
neutron interaction. 

The only other case of photodisintegration knowm at this 
time is the one of beryllium, which Szilard and Chalmers 
showed to emit neutrons when irradiated with y-rays. 
The reaction is probably: 

Be! + 7 ^ Bel + nj (VI, 79) 

The threshold energy is found to lie at about 1.6 MEV, in 
agreement with the values of the masses (see Table 34). 
The cross-section is also of the order of 10“-® cm'-. 

Szilard and Chalmers, Nature, 134 , 494 (1934). 
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When Y-rays of higher energies become available, the 
process of photodisintegration will probably be observed in 
a large number of nuclei. 

10. Disintegration produced by neutrons; properties of 
slow neutrons. Soon after the discovery of the neutron, 
cloud chamber experiments made by Feather, by Meitner 
and Philipp, and by Harkins and others showed, besides 
recoil nuclei produced in elastic impacts with neutrons, a 
number of forked tracks which were interpreted as disinte- 
grations. It was generally assumed that in these processes 
the neutron was captured and the product nucleus dis- 
integrated into two particles. In this case we can apply 
the general consequences of momentum and energy con- 
servation discussed in section 6. The neutron leaves no 
visible track in the cloud chamber; but, by vector addition 
of the momenta of the two product particles, we can find 
the momentum and hence the energy of the impinging 
neutron. Thus we have all the values necessary for the 
calculation of the reaction energy, provided, of course, that 
the nature of the product particles is known. 

Disintegrations of this type have been observed in 
nitrogen, oxygen, fluorine, neon, and aluminum, and evi- 
dence of many other cases has been obtained indirectly by 
the production of a radioactive isotope. Some of the 
disintegrations were observed for neutrons of widely 
different energies, from very small values (see later text) 
up to the order of 10 MEV. The cross-section for dis- 
integration is found to be of the same order of magnitude as, 
or a little smaller than, the cross-section for elastic impact — 
that is, between 10“^® and 10“-^ cm^. 

Both the possibility of disintegration with neutrons of 
very low energy (provided, of course, that the reaction is 
exothernoic) and the large cross-section as compared with 
the cross-sections for disintegration by charged particles are 
results of the lack of a potential barrier for the neutron. 

““ See Fleisehmann aad Bothe, ErgebnissederExakten Naturwissenschaften, 
Xni (1934) and XrV (1935). 
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The reactions investigated in the cloud chamber appear 
to consist, in most cases, of the capture of a neutron and the 
emission of an a-particle ; they are thus represented by the 
same equations as the reactions described in section 7 (if 
we read them from right to left). In the ease of nitrogen, 
according to Feather and Kurie,^^^ there seem to be two 
different reactions: one with the emission of an a-particle, 
and one with the emission of a proton. Bonner and 
Brubaker have observed, also, a disintegration with 
three end products. 

Much information on the reactions produced by neutrons 
has been obtained since Fermi’s discovery that these 
disintegrations give rise, in many cases, to new radioactive 
isotopes. The properties of such new radioelements will be 
described in section 11; we shall discuss here only the 
different types of reactions involved in their production. 
In the earlier work of Fermi and his associates, the neutrons 
emitted from a radon + beryllium source were used. 
These have energies distributed over a wdde range up to the 
order of 10 MEV and will be referred to as fast neutrons. 

In these investigations it was found that, by the irradi- 
ating of an element of atomic number Z with neutrons, new 
iS-radioactive isotopes might be produced, and chemical 
separation showed that the active product had either atomic 
number Z, Z — 1, or Z — 2. It is natural to ascribe the 
formation of these isotopes to the following three types of 
reactions. 

(1) Radiative capture of the neutron: 

Xi -I- nl (VI, 80) 

The product nucleus is then isotopic wdth the original 
element. 

(2) Capture of a neutron and emissio7i of a proton : 

Xi 4- nj + Hi (VI, 81) 

“1 Feather, Proc, Koy. Soc., 136 , 709 (1932); ibid., 142, 689 (1933). 

Kurie, Phys. Rev., 47, 97 (1935). 

'“Bonner and Brubaker, Phys. Rev., 49, 223 (1936). 

Fermi, Riceroa Scient., 1 , 283 (1934). 
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Here the product nucleus has an atomic number smaller by 
one unit than the irradiated element. 

(3) Capture of a neutron and emission of an a-particle: 

Xi + nJ-^Y|li AHel (VI, 82) 

Here the product nucleus has an atomic number smaller by 
two units than the original element. 

The cross-section for these reactions is generally found 
to be of the order of magnitude of 10“^® to cm^. 

While the reactions leading to the emission of a heavy 
charged particle can be readily understood from the 
theoretical point of view, the radiative capture at first 
presents difficulties, which will be discussed later when we 
deal with the properties of slow neutrons. 

Reactions with the emission of an a-particle are often 
exothermic; in this case, and for very light elements, they 
can also be produced by slow neutrons. The cross-sections 
may be extremely large, and this effect has been shown by 
Bethe to be in agreement with theory. Thus, slow 
neutrons (neutrons of thermal velocities) give rise to the 
following reactions; 

Li^ + nj He| -H H? (VI, 83) 

BI® -[- nj — > Li| -|- Hel (VI, 84) 

with cross-sections equal, respectively, to 60 • and 
600 ■ 10“^^. These two reactions, because of their very large 
cross-section, are used for detecting slow neutrons which 
would not give observable recoil protons. The reaction 
energies have already been included in Table 34 and agree 
with the mass defects. 

In the case of heavier nuclei, the a-particle cannot escape 
from the potential barrier unless it possesses additional 
energy due to the impinging neutron, and therefore reac- 
tions of this type are observable only with fast neutrons. 

Reactions with the emission of a proton are usually 
endothermic, and this is true particularly in most cases 


Bethe, Phys. Eev., 47, 747 (1935). 
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when a radioactive isotope is formed. This radioactive 
isotope, decaying with the emission of a negative electron, 
gives as the end product of the transformation the original 
nucleus, according to the scheme : 

X| + nS Y|_i + Hi Xi + e + H} 

Hence it follows that, the masses of the neutron and the 
hydrogen atom being nearly equal, the usual large amount 
of energy (of the order of one to five MEV) released in the 
disintegration of the active nucleus must be supplied by the 
impinging neutron. As a consequence, reactions of this 
type are produced only by fast neutrons. 

We shall now consider radiative capture, which in the 
case of the neutron acquires special importance. The 
first evidence of a neutron capture was obtained by Lea,“'* 
who observed a y-radiation emitted when neutrons were 
absorbed in a hydrogen-containing material and interpreted 
it as the y-radiation produced by the recombination of a 
neutron and a proton to form a deuteron. Later, through 
the production of radioactive nuclei isotopic with the 
irradiated element, Fermi and his associates obtained 
evidence for a number of capture reactions. These re- 
actions were first observed with fast neutrons, and the 
corresponding cross-sections were, in several cases, of the 
order of 10“^^ cm^. This result, as pointed out by Fermi, 
is larger than might be expected. It was later found that 
the efficiency of these transmutations could be increased 
considerably by using neutrons slowed down by passage 
through a hydrogen-containing material. We shall now 
describe the peculiar properties of slow neutrons. 

Fermi, Amaldi, Pontecorvo, Rasetti, and Segre ob- 
served (1934) that the activity induced by neutrons in 
silver, rhodium, and many other elements was enormously 

Lea, Proc. Roy. Soc., ISO, 637 (1935). 

Fermi, Amaldi, D’Agostino, Rasetti, and Segr6, Proc. Roy. Soc., 146, 4S3 
(1934). 

Amaldi, D’Agostino, Fermi, Pontecorvo, Rasetti, and Segre, Proc. Roy. 
Soc., 149, 522 (1935). 
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increased when the source and the irradiated element were 
surrounded by a hydrogen-containing material, like paraffin 
or water. It was found that the presence of a hydrogenated 
material enhanced only those nuclear reactions which were 
known to give rise to an isotope of the irradiated element 
and therefore were supposed to consist of the radiative 
capture of a neutron. Fermi explained the effect by as- 
suming that neutrons slowed down by elastic impacts with 
protons had much larger capture cross-sections. 

Fermi and his associates actually observed that the slow 
neutrons responsible for the anomalously intense activations 
were also strongly absorbed in the same elements which were 
activated, and also in many others which did not become 
radioactive. In the latter case the neutron capture was 
supposed to lead to the formation of a stable isotope; this 
effect was actually observed for elements, like Cd and Hg, 
which possess a series of stable isotopes such that the 
capture of a neutron by one isotope may lead to the 
production of the next heavier stable isotope. 

Direct evidence for a radiative capture was obtained by 
Fermi by showing the emission of a hard y-radiation from 
elements that strongly absorbed the slow neutrons. 
measurement of the energy emitted in the form of y-rays is 
important, since it determines directly the binding energy 
of the neutron in the formation of the heavier isotope. 
Attempts in this direction have been made by Rasetti 
and Fleischmann,““ but the results did not attain a high 
degree of accuracy. The energies observed for different 
elements vary between 3 and 6 MEV. 

Some capture cross-sections were measured by Fermi. 
In a more systematic survey made by Dunning and 
Pegram,^®^ almost all the elements were examined, and the 
slow neutrons were detected, not through the production of 
artificial radioactivities, but by means of the lithium or 
»» Rasetti, Z. Phys., 97, 64 (1935). 

Pleischmann, Z. Phys., 97, 242 and 265 (1935); also Kikuchi, Aoki, and 
Husimi, Nature, 137, 186 (1936). 

Dunning, Pegram, Fink, and Mitchell, Phys. Rev., 48, 265 (1935). 
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boron reaction. Certain elements, most of whicli do not 
become radioactive, showed exceedingly large capture cross- 
sections ; data on these strongly absorbing elements will be 
found in Table 35 (page 262). 

The values of the cross-section vary irregularly from one 
element to the next; for example, Cd has a cross-section 
0 - = 3,000 -10"-^ W'hereas Sn has a cross-section of only 
4-10“^^. Strangely enough, almost all of the rare earths 
seem to possess large cross-sections, although this may be 
due partly to the presence of impurities of samarium, 
europium, and gadolinium. 

Before describing further properties of the slow neutrons, 
we shall find helpful a brief theoretical discussion of the 
interaction of slow' neutrons with nuclei. We shall assume 
that the interaction can be represented by means of a 
potential field. Fermi,^®^ Bethe,'^® and Perrin and Elsasser 
have treated this problem by assuming, as usual, that the 
neutron-nucleus forces have a range of the order of 10“^^ cm. 
and are attractive. A rough model of the neutron-nucleus 
interaction is then represented by a potential hole of radius 
of the order of the nuclear radius and of depth of the order 
of several MEV. Under these assumptions the following 
results are obtained. 

The cross-sections for capture and for elastic scattering of 
neutrons of very low velocities depend upon the phase of the 
eigenfunction of the neutron at the edge of the potential 
hole and, for particular values of the depth and the radius of 
the hole, may become extremely large. We can then say 
that the energy zero corresponds to a virtual quantum state 
of the neutron in the nucleus, the resonance level not being 
very sharp (width of the order of 10^ EV). This result 
would readily explain the irregular variation of the cross- 
section from one element to another. 

Further results of the theory are that, whereas the cross- 
section for elastic scattering for low velocities must be a 

Amaldi and others, Proc. Roy. Soc., 149, 522 (1935). 

153 Bethe, Phys. Rev., 47, 747 (1935). 

154 Perrin and Elsasser, C. R., 200, 450 (1935). 
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constant, the cross-section for capture must be inversely 
proportional to the velocity of the neutron. Consequently 
a slow neutron diffusing in a given material will have a 
constant mean free path for elastic impact and a constant 
mean life for the capture process. The ratio of the two 
cross-sections will depend upon the velocity; but for 
neutrons of thermal energies (see later), we find that the 
maximum values of the two cross-sections in the case of 
resonance should be of the same order of magnitude. 
This conclusion does not correspond with experimental 
facts, as no scattering cross-sections comparable to the 
large capture cross-sections have ever been observed. The 
largest scattering cross-section known at this time is the 
proton-neutron cross-section (see page 261) . However, this 
large value of the cross-section is observed only for neutrons 
of thermal energies — energies that are small compared with 
the chemical binding energy of the hydrogen atom in the 
molecule. For neutrons of a few electron-volts (for which 
the protons may be considered free), the elastic cross-sec- 
tion is expected to be less than one-third of the above value, 
or 12-10“^^. This conclusion has been verified by recent 
experiments of Fermi and Amaldi.^^® (See also page 190.) 

We shall now discuss more thoroughly the process of 
slowing down the neutrons by impacts in a hydrogenated 
substance, which has been investigated experimentally by 
Fermi and his associates, by Bjerge and Westcott,^®® and by 
Dunning, Pegram, and their collaborators. We may 
describe the results as follows. 

The mean free path for elastic scattering, which is of the 
order of 6 cm. for the original neutron, decreases with 
decreasing energy; after each collision it becomes shorter, 
and the neutron, after a few impacts, does not diffuse very 
far from the region reached when the velocity was still high. 
It can be shown that the energy of the neutron after n 

Fermi and Amaldi, Phys. Rev., 50 (1936). 

156 Bjerge and Westcott, Proc. Roy. Soc., 150, 709 (1935). 

156“ Dunning, Pegram, Fink, and Mitchell, l.c. 
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impacts with protons is reduced, on the average, to e~’‘ 
times the original value. This process of slowing down will 
go on either until the neutron is captured or until the 
neutron has reached the thermal equilibrium energy. Then 
no further decrease in its mean velocity will take place. 
Whether or not thermal equilibrium will be reached depends 
upon the value of the velocity for which the capture and the 
elastic scattering cross-sections become of the same order 
of magnitude. Experimental evidence shows that, while at 
thermal velocities the elastic scattering cross-section is 
40-10“^^, the capture cross-section is about 150 times 
smaller; that is, 3- 10“-“ cm^. Thus the conditions for 
reaching thermal equilibrium are amply fulfilled, and a 
neutron after reaching thermal eqidlibrium velocities will 
make, on the average, about 150 impacts before being 
captured by a proton to form a deuteron with the emission 
of radiation. Under these conditions the mean life of a 
slow neutron in paraffin is found experimentally to be 
1.6-10“^ sec.^®®*’ This result agrees with a calculation 
made by Fermi, who showed that the recombination of 
neutron and proton must be due to magnetic dipole radia- 
tion, and evaluated the mean life under this assumption. 

The first experimental evidence that at least part of the 
slow neutrons have thermal velocities was obtained by 
Moon and Tillman, who showed that the intensity of the 
artificial radioactivity induced in several elements was 
influenced by the temperature of the hydrogenated material 
used for slowing down the neutrons. The same conclusion 
was reached by Fermi and his associates and by Frisch 
and Sorensen by means of experiments of a completely 
different type, in which the intensity of the slow neutrons, 
also detected through the production of artificial radio- 

Amaldi and Fermi, Ricerca Scientifica, VII-1 (1936). 

1-7 Fermi, Rhys. Rev., 48, 570 (1935). 

Moon and Tillman, Proc. Roy. Soc., 153, 476 (1936). 

Amaldi, D’Agostino, Fermi, Pontecorvo, and Segre, Ricerca Scient., 1, 
435 (1935). 

Frisch and Sorensen, Nature, 136, 258 (1935). 
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activity, was modified by a fast motion of the hydrogenated 
material. This shows that the velocity of the latter, of the 
order of 10‘‘ cm./sec., is not negligible as compared with the 
velocities of the neutrons. 

Finally, Dunning, Pegram, and their associates meas- 
ured directly, by means of a mechanical velocity selector 
with cadmium sectors, the velocities of the slow neutrons 
detected in a lithium ionization chamber, and found at least 
approximate agreement with a Maxwell distribution at 
room temperature. They also measured the absorption 
coefficient of the slow neutrons in different materials by 
keeping the paraffin used to slow down the neutrons at 
room temperature and at liquid air temperature, and found 
considerably higher values in the latter case. 

Table 35 

CAPTURE CROSS-SECTIONS OF STRONGLY 
ABSORBING ELEMENTS 

(For Neutrons in Approximate Thermal Equilibrium) 


Element 

O--1024 

Element 

O--1024 

300°K 

90°K 

300°K 

90°K 

3 Li 

65 

90 

62 

Sm 

4,260 

4,420 

5 B 

540 

680 

63 

Eu 

3,400 

— 

17 Cl 

40 

— 

64 

Gd 

22,200 

27,700 

27 Co 

35 

— 

66 

Dy 

1,200 

— 

45 Rh 

125 

175 

67 

Ho 

340 

— 

47 Ag 

55 

75 

75 

Re 

90 

— 

48 Cd 

3,000 

3,200 

77 

Ir 

285 

— 

49 In 

300 

— 

79 

Au 

90 

— 




80 

Hg 

450 

600 


Table 35 shows, for neutrons of thermal velocities, the 
values of the capture cross-sections of certain strongly 
absorbing elements, at 90°K and at 300°K. 

The dependence of the cross-section upon the temperature 
proves that it is a decreasing function of the velocity, as 

Dunning, Pegram, Fink, Mitchell, and Segrd, Phys. Rev., 48 , 704 (1935). 
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suggested by theory. This relation does not hold, however, 
outside the thermal region, as shown by several investi- 
gations on the dependence of the absorption upon the type 
of reaction used for detecting the slow^ neutrons (especially 
through the recent work of Fermi and Amaldi,^*^- and of 
Szilard^®®). It was found that the slow neutrons filtered 
through a thick layer of cadmium still activate strongly 
certain elements (like Ag, Rh, In, Ir, Au), in some of which 
they are absorbed with extremely large cross-sections. 
These cadmium-filtered neutrons consist, however, of several 
groups having widely different cross-sections in the various 
elements. Thus Fermi and Amaldi have characterized 
as group A those which are strongly absorbed in Ag 
(o' = 4,000 • but are weakly absorbed in Cd 

(tr = 10 • 10~^^) ; and as group D, those which are strongly 
absorbed in In (<r = 750 •10“-'*) and in Rh (a = 300- 10"-*), 
but are weakly absorbed in Ag (a- = 12 •10“-'*), in Cd 
(o- = 10- 10“^^), and in Hg (<t = 10 -IQ-^*). 

These results point to a considerable selectivity of the 
absorption coefficient as a function of the velocity for 
energies higher than the thermal region. The assumption 
that these groups of neutrons lie above thermal velocities 
is suggested by the fact that they are not influenced by 
temperature, and that they are transformed into neutrons 
absorbed by cadmium after a few impacts with hydrogen 
nuclei. This process is interpreted as meaning that the 
neutrons are further slowed down to thermal velocities 
(see later) . 

The validity of the 1/v law at low velocities, in the ther- 
mal region, has been tested directly, by Rasetti, Segr^, 
Fink, Dunning, and Pegram,*®* by means of the following 
experiment. If the cross-section varies with the velocity as 
1/v, we can also say that the absorption of a slow neutron 

Fermi and Amaldi, Ricerca Scient., VI-2, 443 (1935) and VII-l, 56 
(1936). 

Szilard, Nature, 136, 950 (1935). 

Rasetti, Segre, Fink, Dunning, and Pegram, Phys. Rev., 49, 104 (1936); 
Rasetti, Mitchell, Fink, and Pegram, ihid.y 49, 777 (1936). 
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depends only upon the time spent in the substance. This 
time can be kept constant — while the relative velocity of 
the neutrons and the absorbing material is changed — by 
moving the absorber with respect to the source and the 
detector of the neutrons. In these experiments the 
neutrons were sent obliquely through a layer of the ab- 
sorbing material moving at a velocity of 140 meters per 
second against or with the beam of neutrons. 

The conditions of the experiment were such that only 
neutrons in the thermal region were effective. In the case 
of silver and boron, no change in the transmitted intensity 
depending upon the motion of the absorber was found. 
This result indicates approximate validity of the Ijv law, 
whereas in cadmium a considerable change was observed. 
The latter effect indicates a cross-section varying with the 
velocity less rapidly than l/v, and is in agreement with the 
much smaller change in absorption cross-section with 
temperature shown by cadmium than by other elements 
(see Table 35). 

It seems almost impossible to explain all these phenomena 
in terms of a model where the nucleus is represented as a 
potential field. However, Wigner and Breit have given 
a simple explanation by considering the interaction of the 
incident neutron with other nuclear particles. 

Let us consider a transition from the initial state of the 
system — that is, with nucleus in the ground state and 
incident neutron — to a state of the same energy where the 
neutron is captured in the nucleus with simultaneous 
excitation of another nuclear particle to a high energy level. 
This process will occur if the energy of the system corre- 
sponds to the energy of this excited quasi-stable state of the 
nucleus, and consequently the phenomenon will show reso- 
nance for particular velocities of the neutron. However, 
the width of the resonance level is expected to be of the 

Breit and Wigner, Phys. Rev., 49 , 519 (1936); see also Bohr, Nature, 
137 , 344 (1936). 
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order of a few volts. This width corresponds to the mean 
life of the excited level, which is determined by two tran- 
sition probabilities: one back to the initial state (which 
results in a scattering of the incident neutron), the other the 
probability of a jump to a state of lower energy with the 
emission of radiation. A rough evaluation shows that the 
probability for the second process to occur must usually be 
higher than for the first process, and this explains the 
much larger cross-sections for absorption than for scat- 
tering. Also, the magnitude of the capture cross-section 
is found to be sufficiently large to explain all the observed 
effects. 

The fact that radiative capture occurs more frequently 
than scattering has been explained by Bohr wnth the follow- 
ing general considerations. In the highly excited nucleus 
formed by the addition of a neutron to the original nucleus, 
the strong interaction among the constituent particles pro- 
duces the effect that the energy is immediately distributed 
among a large number of them, and is transferred frequently 
from one to another. Then we may state the excitation 
energy of the nucleus as a whole; it will be meaningless 
to speak of the excitation of one particle. Under these 
conditions, it seldom happens that enough kinetic energy 
is concentrated on one neutron to enable it to escape from 
the nucleus, although there is just sufficient energy in the 
nucleus for the process to occur. The more probable proc- 
ess will be a transition to a stable state with the emission 
of radiation. 

The same consideration in regard to the excitation of a 
large number of particles explains why a nucleus possessing 
an excitation energy of about 8 MEV has a sufficiently 
large number of energy levels to explain the frequent occur- 
rence of resonance capture of a neutron of low energy. 
Considering the possible energy levels for each constituent 
particle in the nucleus, we find that the average number 
of quantum states within a certain energy interval increases 
exceedingly fast with the excitation energy and with the 
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number of constituent particles. For a heavy nucleus with 
an excitation energy of about 8 MEV (resulting from the 
capture of a slow neutron), rough theoretical considerations 
indicate that the average distance between levels may be 
of the order of a few EV. 

According to this theory, we must assume that in elements 
like silver or rhodium, showing strong selective absorption 
above thermal velocities, one of these levels occurs for 
slightly positive energy. When the resonance level is far 
from the thermal region, we must expect the absorption 
cross-section to vary as l/« in the thermal region. This 
appears to be the state of affairs, for example, in silver. In 
cadmium, the non- validity of the l/w law in the thermal 
region appears to indicate that the resonance level is very 
close to the energy zero. The same result probably holds 
for samarium. 

In the case of light elements which are disintegrated by 
slow neutrons with the emission of a charged particle, like 
lithium or boron, we have already pointed out that the 
magnitude of the observed cross-section can be explained 
without assuming the existence of a resonance. This, in 
any case, would be very broad because of the short life of 
the unstable nucleus produced by the addition of a neutron. 
Under these circumstances we must expect the cross- 
section to vary as Ijv for low velocities, and this, at least 
within the thermal region, has been directly confirmed by 
the experiment with a rotating disk (described earlier) . 

If the 1/v law holds for lithium and boron, we may employ 
these substances to determine where the characteristic 
absorption band of an element lies. For this, it is sufficient 
to measure the absorption coefficient (for example, in 
boron) for the neutrons selectively absorbed by the detector 
in question, and to compare it with the absorption coeffi- 
cient for the thermal neutrons. Then the energies will be 
inversely proportional to the squares of the respective 
absorption coefficients. 
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Experiments of this type have been performed by 
several investigators. As a result, we can give, for a 
few elements, the values of the energy of the characteristic 
absorption band. The measurements are not very accu- 
rate but certainly give the correct order of magnitude. 

T.iBLB 3S-A 


RESONANCE ENERGIES FOR CAPTURE OP SLOW NEUTRONS 


Element 

Period 

Resonance 

Energy 
in EV 

45 Rh 

44 s 

1.1 

Rh 

4.2 m 

~ 1 

47 Ag 

22 s 

2.5; 4.0 

49 In 

16 s 

^ 2 

In 

54 m 

1.3 

77 Ir 

19 h 

-- 1.6 

79 Au 

2.7 d 

2.5 


11. New radioactive isotopes as products of transmu- 
tations. In our description of the disintegrations produced 
by the impact of a-partieles, protons, deuterons, or neutrons, 
we have frequently encountered cases where the product 
nucleus did not correspond to any known stable isotope of 
the element, and we have already pointed out that these 
nuclei underwent a /3-disintegration process where either an 
electron or a positron was emitted. 

The discovery of artificially produced radioactive ele- 
ments was made by I. Curie and Joliot (1933). The 
effect was observed in bombarding light elements with 
a-particles. The reactions leading to the formation of these 
radioelements are those where a neutron is emitted, and 
have already been described in section 7. The radioactive 
isotopes thus found contain an excess of protons with 
respect to the number of neutrons, and therefore disinte- 
grate with the emission of a positron, as discussed in 

Frisch and Plaozek, Nature, 137, 357 (1936); Weekes, Livingston, and 
Bethe, Phys. Rev., 49, 471 (1936); Goldsmith and Rasetti, iUd., 49 (1936). 

I. Curie and Joliot, C. R., 198, 254 and 559 (1934). 
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Chapter V, section 6. Radioactive isotopes (AP® and 
emitting negative electrons have also been produced by 
bombardment of magnesium and silicon with a-particles, 
according to the reaction t5npe (VI, 37) where a proton is 
emitted. 

Soon after the discovery made by Curie and Joliot, radio- 
elements were also produced by means of artificially ac- 
celerated hydrogen ions, by Cockcroft, Gilbert, and Wal- 
ton;^*® by Lauritsen and Crane G®® and by Lawrence, 
Livingston, and Henderson.^^“ The types of reactions 
leading to the production of radioactive isotopes .have al- 
ready been considered in section 8. IJsually reactions in 
which the emitted particle is a neutron or an a-particle lead 
to the production of /3+-active products, whereas reactions 
in which a deuteron is captured and a proton is emitted 
(reactions consisting of the addition of a neutron to the 
nucleus) give a |3~-active product. According to an obser- 
vation of Van Voorhis,^^““ a radioactive isotope of copper 
emits both positrons and electrons in about equal number. 
This is apparently a case of branching disintegration, like 
the disintegration of the C-bodies in the natural radioactive 
series. 

Most of the artificial radioelements which emit negative 
electrons were first produced, by Fermi,^^^ by direct neutron 
bombardment. He observed that most of the elements be- 
came |3-active after irradiation with the neutrons from a 
radon-beryllium source. The chemical identity of these 
active products, as well as that of other artificial radioele- 
ments produced through different reactions, can usually be 
established by chemical means, as follows. 

The irradiated substance is dissolved, and small amounts 
of the neighboring elements, in the ordinary inactive form, 
are added. These elements are then separated from one 

Cockcroft, Gilbert, and Walton, Nature, 133, 328 (1934). 

Crane and Lauritsen, Phys. Eev., 45, 430 and 746 (1035). 

Henderson, Livingston, and Lawrence, Phys. Rev., 45, 428 (1935). 

i7o» Van Voorhis, Phys. Rev., 49, 876 (1936). 

I’l Pernoi, Amaldi, D’Agostino, Rasetti, and Segre, Proe. Roy. Soc., 146, 483 
(1934). 
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another by chemical methods consisting generally of the 
precipitation of an insoluble salt. It is always found that 
each radioactive product formed, recognizable by its 
characteristic decay period, follows one of the separated 
elements, with which it is thus proved to be chemically 
identical. 

As we have already said in the discussion of the reactions 
produced by neutrons, the radioactive elements produced in 
this case are either isotopic with the irradiated element or 
have an atomic number lower by one or two units, and usu- 
ally only reactions of the first type are produced with slow 
neutrons. 

We shall also describe here an ingenious method de\’ised 
by Szilard and Chalmers to separate the radioactive 
product when it is isotopic with the irradiated element. 
This procedure is based on the fact that the momentum 
transferred by the neutron to the reacting nucleus is such 
as to knock it out from the molecule or ion where it was 
initially bound. Even in the case of slow neutrons, where 
the energy of the neutron is lower than the chemical binding 
energies, the recoil of the y-quantum emitted in the capture 
process is sufficient to dissociate the molecule. If the ele- 
ment in question is irradiated in the form of a compound 
which, once dissociated, is not reproduced spontaneously, 
the activated atoms remain in a chemical state different 
from that of the bulk of the inactive isotope and can be 
separated by ordinary chemical methods. For example, by 
irradiating chlorine in the form of an organic compound 
(chloroform) or as a chlorate, the active chlorine produced 
remains in an atomic or ionic state and can be separated by 
the addition of a trace of chlorine ion and precipitation with 
silver nitrate. This separation method is particularly im- 
portant in the case of slow neutrons, where the substance 
to be irradiated can be dissolved in the water which is used 
to slow down the neutrons, and enables the experimenter to 
obtain strong sources in concentrated form. 


Szilard and Chalmers, Nature, 134 , 462 C1934). 
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Up to the present time the properties of the numerous 
artificial radioactive elements produced have been rather in- 
completely investigated. The best-known data are usually 
for the decay period, the values ranging between a fraction 
of a second and several months. In some cases, a measure- 
ment of the maximum energy of the emitted electrons or 
positrons has been performed.^^'^® Many artificial radio- 
elements emit Y-rays, about whose spectra almost nothing 
is known. 

Table 36 (pages 272-274) shows all the artificial radio- 
elements that have been observed, but omits data which are 
still uncertain. For each radioelement, the table gives the 
nuclear reaction or reactions leading to its production, the 
sign and maximum energy of the emitted particles, the de- 
cay period, and the existence of y-rays when observed. 
Some of these radioelements have not been chemically iden- 
tified because of the short decay period or because of chem- 
ical difliculties (rare earths); but, in accordance with the 
general principles discussed in section 10, all the radioele- 
ments produced by slow neutrons in heavy elements have 
been considered to originate from simple neutron capture 
(with the exception of uranium and thorium, discussed later 
in the present section) . 

The reactions leading to the production of the artificial 
radioelements have been indicated with symbols like Alfa 
(n; a), which means : obtained from Alfl through the capture 
of a neutron and the emission of an a-particle. 

The maximum energy of the /3-rays and the decay period 
appear, in some cases, to satisfy approximately the Sargent 
relation either for allowed or for forbidden transitions, as 
discussed in Chapter V, section 6. For the maximum 
energy, the table gives the directly observed value rather 
than the somewhat higher value that caii be obtained, from 

”2“Kurie, Richardson, and Paxton, Phys. Rev., 49, 368 (1936); Fowler, 
Delsasso, and Lauiitsen, ibid., 49, 661 (1936); Alichanow, Aliohanian, and 
Dzelepow, Nature, 136, 257 (1936); Gaerttner, Turin, and Crane, Phys. Rev., 
49, 793 (1936). 
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the general shape of the distribution curve, by applying the 
Konopinski-Uhlenbeck formula. 

We shall discuss here, in more detail, a few cases which 
present interesting problems. One of these is shown bj^ the 
activities induced in bromine by neutron bombardment, 
two of which, as observed by Fermi and his associates, have 
periods of 18 minutes and 4.2 hours, whereas an activity 
with a period of 36 hours has been observed by Kourtcha- 
tow, Myssowsky, and Roussinow.'"^ All three activities 
are produced by slow neutrons, and chemical separation 
show's that all three products are isotopes of bromine. The 
mass-spectrum analysis indicates, for bromine, only two 
isotopes — the presence of a third isotope to an amount 
larger than one part in 10,000 appearing to be excluded, 
according to the wmrk of Blewett. It seems, then, difficult 
to explain how three active products arise, unless one is due 
to a very rare isotope with an extremely large cross-section 
for neutron capture. A similar case occurs for rhodium. 

Among the most interesting groups of artificial radio- 
elements is the one first obtained by Fermi, Amaldi, 
D’Agostino, Rasetti, and Segre,^"^ by irradiating uranium 
with neutrons. In the present ease the situation is more 
complicated than usual, as a number of radioactive bodies 
are produced by neutron bombardment. Fermi and his co- 
workers reported decay periods of 10 seconds, 40 seconds, 
13 minutes, and 100 minutes, and undertook an investiga- 
tion of the chemical properties of the 13-minute and 100- 
minute bodies to show that neither was isotopic wdth any 
element of atomic number between 82 and 92, and that, 
therefore, these must be transuranic elements. 

More extensive research was carried out later by Hahn 
and Meitner,^^® who confirmed the existence of transuranic 
elements and, moreover, showed that the so-called 13- 
minute product is probably an Eka-Re (Z = 93), and the 

Kourtchatow, Myssowsky, and E-oussmow% C. R., 200, 1201 (1935). 

Amaldi and others, lx. 

Hahn and Meitner, Naturw., 24, 158 (1936). 
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Table 36 


ARTIFICIAL RADIOELEMENTS 


Active 

Isotope 

Nuclear 

Keaction 

Half-life 

Period 

Emitted Pakticles 

Sign 

Max. En- 
ergy MEV 

Lif 

Lis 

(d;p) 

0.5 

s 

_ 


(?) 


(d; p) 

0.02 

s 

— 

^11 


Bf 

(d;n) 

20 

m 

+• 

-- 1.2 

Nf 

cf 

(p;— ) 

10.5 

m 

•P 

1.5 


Cf 

(d;n) 






Bf 

(a; n) 





Nf (?) 

Ff 

(n; a) 

9 

s 

— 


Of 

Nl* 

(d; n) 

2.1 

m 

-h 

1.7 

Tf 

Of 

(d;n) 

1.2 

m 


2.1 


Nl" 

(a; n) 






Fjs 

(d; p) 

12 

s 

— 

-^5 

Naff 

Fj« 

(a; n) 

>y2 

a 



Naf! 

Naff 

(n; — ) 

14.8 

h 

— 

2 


Mgfi 

(a; p) 






Alfi 

(n; a) 






Naff 

(d; p) 






Mgfi 

(d;a) 





Mgfl 

Alfl 

(a; p) 

10 

m 

— 



Mgi2 

(a; — ) 





All 

Mgfi 

(d;p) 





Naff 

(a; a) 

7 

s 

+ 


Aifi 

Alg 

(a;—) 

2.3 

m 


3.3 


Sift 

(a; p) 






Pfl 

(a; a) 






Alfl 

(d;p) 





Sifl 

Mgfi 

(«; P) 





P?1 

(a;p) 

2.5 

h 

— 


Hi 

Sif2 

(d;p) 





Alfl 

(a;n) 

3 

m 

4- 


Pfi 

p31 

Bin 

(a;-) 

14.5 

d 


^ 2 


o33 

(a; p) 






Clff 

(a; a) 






Pfl 

(d;p) 





cifl 

Sift 

(“;p) 





Pfl 

(a;n) 

40 

m 

+ 
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Table 36 (Continued) 
ARTIFICIAL RADIOELEMENTS 


A A+l VA 



Emitted 

Paeticles 

1 r-rays 

XJL^jui V U 

Isotope 

Reaction 

XXcuJLl^JLiJL Xj 

Period 

Sign 

Max. En- 
ergy MEV 

Cll7 

Cll7 

(n;-) 

37 

7)1 

— 




CI 17 

(d;p) 






Ais 

Ais 

(d;p) 

no 

m 

- 


7 

Kg 

Kg 

(n;-) 

16 

h 

— 




Caig 

(n;p) 







Set 

(n; a) 






Ca2o 

Ca2o 

(n;— ) 

4 

h 




Seif 

Seif 

(n;-) 

>1 

a 

- 



SC2l (?) 

Ki9 

(a;n) 

3 

h 

+ 



SC21 (?) 

Ca2o 

(“;p) 

4.5 

h 

+ 



Vi 

Vi 

(n;-) 

3.7 

m 



7 


Cri 

(n;p) 







Mni 

(n;a) 






Mni 

Mnii 

(n;-) 

2.5 

h 

_ 

3 

7 


Feii 

(ii:p) 







Coi 

(a; a) 






CU29 

CU29 

(a;-) 

5 

m 

- 




Znso 

(n:p) 






CU29 

CU29 

(a;-) 

12 

h 

-f; - 




CU29 

(d;p) 







Znso 

(a;p) 






Gasi 

Gasi 

(a;-) 

20 

771 

- 


7 

Gasi 

Gasi 

(a;-) 

23 

h 

- 



As^3 

AS 33 

(a;-) 

26 

h 

- 


7 

Se34 

Se34 

(a;-) 

35 

771 

- 



Br35 

Br35 

(a;—) 

18 

m 

- 

^ 2 


Br35 

Br35 

(a;-) 

4.2 

h 


^ 2 


Br35 

Bi’ss 

(a;?) 

35 - 

h 

_ 

-- 0.9 

7 

v90 

^39 

V89 

i39 

(a;-) 

70 

h 




M 042 

M 042 

(a;-) 

30 

771 




M 042 

M 042 

(a;-) 

36 

h 




Ru44 

RU44 

(a;-) 

100 

771 




RU44 

Ru44 

(a;-) 

11 

h 




R 1 I 44 

RU44 

(a;-) 

75 

h 




Rh45 

RI 145 

(a; -) 

44 

s 

__ 

2.6 
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ARTIFICIAL RADIOELEMENTS 


Active 

Isotope 

Nuclear 

Reaction 

Half-life 

Period 

Emittei 

Sign 

Pabticles 

Max. En- 
ergy MEV 

Ilh45 

Rh45 

(n; 

-) 

4.2 

771 

~ 

^ 2.1 

M 46 

Pd46 

(n; 

-) 

15 

m 



Pd46 

Pd46 

(n; 

-) 

12 

h 



Td46 

Pd46 

(n; 

-) 

60 

h 



Ag47 

-'^g47 

(n; 

-) 

22 

s 

- 

2.8 

Ag47 

Ag47 

(n; 

-) 

2.3 

m 

- 


Iri49 

In49 

(n; 

-) 

16 

s 

- 

3.2 

In49 

In49 

(n; 

-) 

54 

771 

- 

1,3 

1X149 

1x149 

(n; 

?) 

5 

h 

- (?) 


Sbsi 

Sbsi 

(n; 

-) 

2.5 

d 

- 


Te52 

Te52 

(n; 

-) 

45 

m 




IW 

(n; 

-) 

25 

171 

— 

2.1 

csjr 

OsW 

(n; 

-) 

1.5 

h 

— 



Bair 

(n; 

-) 

80 

771 



Prlf 

P4t' 

(n; 

-) 

19 

h 

-- 


Ndeo 

Ndeo 

(n; 

-) 

1 

h 



Sm62 

Sm62 

(n; 

-) 

40 

in 



EU63 

Eu63 

(n; 

-) 

9.2 

h 



Thlf 

Tb^ef 

(n; 

-) 

3.9 

h 



Dj4E^ 

Dy^i^ 

(dj 

-) 

2.3 

h 

— 

1.4 


Hoif 

(n; 

-) 

35 

h 



Eres 

Ei’es 

(n; 

-) 

7 

in 



Ergs 

Ergs 

(n; 

-) 

12 

h 



Luif 

Lull® 

(n; 

-) 

4.0 

h 



Hfir 

Hfll® 

(n; 

-) 

>1 month 



W 74 


(n; 

-) 

1 

d 



1^1675 

Re75 

(n; 

-) 

20 

h 

— 


R.e75 

Re75 

(n; 

-) 

85 

h 



OS76 

0S76 

(n; 

-) 

40 

h 



Il’77 

Ir 77 

(n; 

-) 

19 

h 

— 

2.2 

1177 

Ir 77 

(n; 

-) 

68 

d 



Pt7S 

Pt78 

(n; 

-) 

50 

771 



A 1 I 79 

Au79 

(n; 

-) 

2.7 

d 


1.1 

[RaE] 

Bii® 

(d; 

p) 

5.0 

d 


1.0 


Artificial Disintegration of Nuclei 


275 


so-called 100-minute product an Eka-Os (Z = 94). The 
same authors have recently redetermined the periods of 
these two bodies and reported the existence of a number of 
new ones — part of which can be produced only by irradiat- 
ing with fast neutrons, part only with slow neutrons, and 
part with both. This finding can be explained only by as- 
suming three different primary disintegration processes, 
whose nature, however, is not yet clearly understood on 
account of the many experimental difficulties due to the 
disturbing effect of the natural decay products of uranium, 
to the short lives of some of the artificial products, and to 
the sinoilarity in the chemical properties of the different 
elements in this range of atomic numbers. A suggested 
interpretation seems to be ruled out since it implies the 
existence of a jS-active which, on the other hand, is 
known to be a long-lived a-active isotope. 

Therefore we shall not attempt to establish the chain of 
reactions giving rise to these various radioelements, but 
give in Table 37 the decay periods and atomic numbers 


Table 37 


^-ACTIVE BODIES PRODUCED IN URANIUM BY NEUTRONS 


z 

Decay Period 

Neutrons Used 

90 or 91 

4 minutes 

Slow 

92 

24 minutes 

Slow 

93 

16 minutes 

Fast 

93 

2.2 minutes 

Fast, slow 

94 

59 minutes 

Fast, slow 

? 

10 seconds 


? 

40 seconds 

•> 

? 

12 hours 



when known. All of these radioelements appear to emit 
negative electrons. 

Similar results have been obtained with thorium irra- 
diated with neutrons, as shown by the work of Fermi and 
his co-workers, of Hahn and Meitner, and of I. Curie, 
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V. Halban and Preiswerkd'^® The active products observed 
have periods of about 1 minute, 2.5 minutes, 15 minutes, 
24 minutes, and 3.5 hours, but only the periods of 2.5 
minutes and 24 minutes are sensitive to water. Chemical 
separation shows that the product with a period of 24 
minutes is an isotope of thorium, probably Thgg®, from 
which Paif (2.5 minutes) originates. No other products 
are obtained with slow neutrons; and it has been shown 
•chemically that the l-minute product is an isotope of ra- 
dium, whereas the 15-minute product is an isotope of 
actinium. 

It appears, therefore, that the following series of disinte- 
grations occurs: 

Thgo^ 4* nj — > Hall® -|- Hel 

Ralf ^ Ac||® 4 Thfo® 

which corresponds to the '' missing” radioactive series 
whose products have atomic weights of the type 4n -f 1. 
Probably the last product Thio® is, in analogy with the 
other radioactive series, a long-lived a-active isotope. The 
3.5-hour product is an isotope of actinium, probably an 
Ac|f produced through an independent primary process 
where a proton is emitted. 

1. Curie, v. Halban and Preiswerk, Journ. de Phys., 6, 361 (1935); Hahn 
and Meitner, Naturw., 23, 320 (1935). 
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Cosmic Rays 

1. History and general remarks.^™® The discovery of 
cosmic rays resulted from the investigation of the ionization 
of a gas in a closed vessel. Elster and Geitel demonstrated 
the existence of a small residual ionization in a gas, even in 
the absence of radioactive sources. Most of this ionization 
disappeared when the ionization chamber was screened with 
sufficiently thick layers of lead, and hence was attributed 
to small quantities of ordinary radioelements contained in 
the ground or in the atmosphere. If all ionization were due 
to this cause, it should rapidly decrease with increasing 
altitude, since the radiations from the ground are absorbed 
by the atmosphere and the percentage of heavy radioactive 
gases in the air also decreases with increasing altitude. 

However, the investigations carried out (first by Hess in 
1911-1912, and later by Kolhoerster in 1913-1914) by means 
of balloon flights up to a 9,000-meter altitude, showed that 
these predictions were not fulfilled. On the contrary, the 
ionization, after reaching a minimum at a height of a few 
hundred meters from the ground, increased until at 9,000 
meters it reached a value about forty times higher than the 
ionization at sea level. Kolhoerster attributed this effect to 
a radiation falling on the earth from outside and being 
gradually absorbed in the atmosphere. From the absorp- 
tion curve he deduced a mass absorption coefficient 

-= 5 - 10“® cm- gr~‘ 

P 

which is much smaller than the absorption coefficient of 
any known radiation from radioactive substances and there- 

176a jTor references and more complete information, see Gorlin, Cosmic 
Ultraradiation in Northern Sweden, Lund (1934). 
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fore must belong to a new type of radiation. At that time 
physicists paid little attention to these results, and until 
after the World War very few of them believed in the 
existence of a cosmic radiation. 

In the years 1925 and 1926 Millikan and Cameron under- 
took an investigation of the ionization in closed vessels sunk 
at different depths in lakes at various altitudes above sea 
level, and confirmed the existence of a very penetrating 
radiation coming from above. They measured the absorp- 
tion curve in air and, from a certain depth, in water, and 
found a gradual hardening of the radiation as it was filtered 
through increasing layers of matter, until at 60 meters under 
water the absorption coefficient in water was only 10~® cm~h 
At that time most physicists began to believe in the exist- 
ence of a cosmic radiation, which was considered as consist- 
ing of very high energy electromagnetic radiation, since it 
did not appear possible that any corpuscular radiation could 
have such enormous penetrating power. 

The years 1927 and 1928 brought fundamental progress in 
the investigation of cosmic rays, with the two discoveries of 
the la titude effect by Clay and of the existence of penetrat- 
ing corpuscles by Bothe and Kolhoerster. 

A large number of investigations were undertaken in 
order to find out whether the intensity of cosmic radiation 
depends upon solar or sidereal time. The findings pointed, 
in almost all cases, to a completely negative result, indicat- 
ing that these rays do not originate from the sun or any 
other particular star but fall on the earth uniformly from 
aU directions. Other investigations attempted to discover 
a possible variation in the intensity at different latitudes; 
and Clay, during a series of measurements taken on a steam- 
ship enroute from Genoa to Java, first succeeded in obtain- 
ing positive evidence of a change in intensity. The cosmic 
radiation showed a markedly Ipwer intensity near the 
equator than at higher latitudes. This result, scarcely 
noticed at the time, later became of very great importance, 
since it was explained as due to the effect which the mag- 
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netic field of the earth has on the primary cosmic radiation, 
and therefore it proved that this radiation consists mostly 
of charged particles. 

All early measurements of cosmic radiation had been 
carried out by means of ionization chambers. Bothe and 
Kolhoerster first introduced a new and powerful means of 
studying the properties of these rays, the Geiger-Mueller 
counter. By the use of two coincidence counters with an 
interposed absorber, the experimenters proved the existence 
of ionizing particles having a mass absorption coeflB.eient of 
the order of 3 • 10~® cm^ gr“^, or of the order of magnitude of 
the absorption coefficient of the cosmic radiation itself. 
This result made it seem natural to identify these ionizing 
corpuscles with the primary cosmic rays. 

Since the Bothe-Kolhoerster experiment the investigation 
of cosmic rays has progressed at an increasingly rapid rate. 
More extensive and accurate measurements of the intensity 
of cosmic rays as a function of the altitude or depth and of 
the position on the earth were carried out. In 1928 Regener 
measured the ionization from an altitude of 27 kilometers in 
the stratosphere to a depth of 230 meters under the surface 
of Lake Constance, and found a progressive hardening of the 
radiation, the mass absorption coefficient at the lowest 
depth being as small as 0.2-10“l In a mine at Stassfurt, 
Kolhoerster observed coincidences at a depth corresponding 
to 500 meters under water, and these indicated radiations 
with a mass absorption coefficient as low as 5 • lO""®. Bowen 
and Millikan, and Piccard and his associates also undertook 
measurements in the stratosphere. All of these measure- 
ments showed a very large increase in ionization with in- 
creasing altitude, the particular -features of which will be 
discussed later. In 1930 Compton and Millikan each sent 
a number of expeditions to various parts of the world in 
order to study the dependence of the intensity of cosmic 
rays upon latitude, and confirmed the original result of Clay 
and established the fact that the intensity of the radiation : 
is a function of the geomagnetic latitude. This result 
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could easily .be interpreted on the basis of Stoermer’s 
theory of the deflection of charged particles in the field of a 
magnetic dipole. 

Rossi (1932) applied the method of multiple coincidence 
between tube counters and discovered the simultaneous 
emission of groups of particles from matter as secondary 
products of cosmic rays. At the same time he proved the 
existence of ionizing particles able to traverse a one-meter 
thickness of lead. 

Further fundamental results have been derived from the 
introduction of the cloud chamber method in the study of 
cosmic rays. Skobelzyn (1927) first observed tracks of 
cosmic ray particles in the cloud chamber, but the magnetic 
field used was not strong enough to deflect them. Anderson 
(1932) placed a cloud chamber in a very strong magnetic 
field, investigated the tracks of cosmic ray particles, and 
discovered the positron. Blackett and Occhialini (1933) 
released the expansion of the cloud chamber through the 
coincidence discharge of two counters, and observed the 
tracks of the groups of particles responsible for the triple 
coincidences in Rossi’s experiment. These showers were 
found to consist of an approximately equal number of 
electrons and positrons. 

In the meantime Hoffmann (1928) had observed large 
ionization bursts in pressure ionization chambers and at- 
tributed them to the effect of cosmic rays. Steinke and 
Schindler (1932) demonstrated the production of these 
bursts in a sheet of lead placed above the ionization 
chamber. Further study seems to indicate that they con- 
sist of showers with an extremely large number of particles. 
The production of sho^wers and of other secondary radiations 
has lately been extensively investigated, by Rossi, Ftinfer, 
Geiger, Sawyer, and many experimenters, by means of 
multiple coincidences ; and by Anderson and his co-workers, 
with the cloud chamber in a magnetic field. These effects 
had also been investigated, by Hoffmann, Schindler, and 
their associates, as transition effects. In 1933 several in- 
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vestigators simultaneously observed the east-west effect, 
which confirmed the indication of charged primary particles 
and, moreover, proved that positive particles were pre- 
dominant. 

The work that we have briefly outlined has brought great 
progress in the knowledge of the properties of cosmic rays 
but is still far from sufficient for a complete solution of this 
extremely complex problem. The cosmic rays observed on 
the surface of the earth certainly consist of a mixture of 
different kinds of particles — electrons, positrons, photons, 
probably protons, and perhaps a-particles and neutrons. 
» The essential problem is to find out which of these radiations 
jlare primary and which are secondary (produced in the 
1 atmosphere by the interaction of primary radiations), and 
what the mechanism of production of secondary radiations 
is. The difficulty in this problem arises from the fact that, 
although we have at present no indication of the presence, 
in cosmic rays, of particles of a different nature from that of 
the particles observed in nuclear phenomena, the order of 
magnitude of the energies involved in an elementary process 
is so muchr higher that these particles depart from their 
ordinary behavior and are hardly recognizable. Moreover, 
we cannot expect much help from theoretical considerations 
because, on general grounds, we must assume that quantum, 
electrodynamics will not hold for energies of an electron 
or a photon of an order of magnitude higher than 137 me-, 
and most of the cosmic ray particles have energies far higher 
than this limit since they reach 10^^ EV. Therefore we 
must follow the other method of investigation; that is, we 
must first determine experimentally the behavior of ele- 
mentary particles in this high energy range, in order to find 
out in which direction the theory must be modified. 

Because of this state of affairs, we shall not be able to 
discuss within a theoretical framework the phenomena con- 
nected with cosmic rays; instead, we shall describe experi- 
mental facts, suggesting for some of them a possible explana- 
tion. Naturally, the lack of theoretical interpretation 
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makes it difficult to determine at present which facts have 
fundamental significance. 

2. Intensity as a function of altitude, latitude, and direc- 
tion. Before describing the available experimental facts, 
we shall state briefly the results of Btoe rmer’s theory of the 
defle ction of charged particles in the magnetic field of the 
earth, assumed equivalent to the field of a dipole placed at 
its center. .The application of this theory to cosmic rays 
has been discussed by Rossi,^’'’' Lemaitre and Vallarta,!’'® 
and others. 

Let us consider particles of a certain specific charge and a 
certain energy, coming uniformly from all directions. The 
theory shows that, from the magnetic pole to a certain 
minimum latitude, these particles can reach the surface of 
the earth from all directions, and the total intensity is the 
same as if no magnetic field were present. At a certain 
latitude, particles begin to fall on the surface of the earth 
only from a limited portion of the sky; in other words, a 
shadow cone is formed and, with decreasing geomagnetic 
latitude, occupies an increasingly larger portion of the sky 
until a latitude is reached where no particles -can fall on 
the surface of the earth. We have thus an equatorial 
forbidden zone for particles of a given energy. Of course, 
the amplitude of this zone decreases with increasing velocity 
of the particles, and, above a certain energy, particles can 
reach the surface of the earth at any latitude and in every 
direction. 

If the primary rays, assumed to consist of charged par- 
ticles, have a continuous energy distribution, we might at 
first expect to observe a steady decrease in the intensity of, 
the cosmic rays from the magnetic pole to the equator,^ 
as particles of lower energy are gradually prevented by 
the magnetic field from reaching the surface of the earth. 
However, we must also consider the absorption in the at- 
mosphere, which results in a filtering of the radiations so 

Fermi and Rossi, Lincei Rend., 17, 346 (1933). 

Lemaitre and Yallarta, Phys. Rev., 43, 87 (1933). 
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that, even in the absence of a magnetic field, only particles 
with a certain minimum energy are able to reach the surface 
of the earth. 

The experimental result of the dependence of the ioniza- 
tion upon the geomagnetic latitude is the following. At 
sea level the intensity of the radiation is constant from the 
magnetic pole down to a geomagnetic latitude of 50°, then 
decreases, and approximately at the geomagnetic equator 
(equatorial dip) reaches a minimum 16 per cent lower than 
the ionization at high latitudes. This behavior is shown in 
Figure 46. 
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Geomagnetic latitude 

Figure 46. Intensity of Cosmic Rays at Sea Level as a Function of Geomagnetic 

Latitude. 

This experimental result might be interpreted as follows : 
We could assume that no primary particles of energy low^er 
than that necessary to reach the surface of the earth at 50° 
geomagnetic latitude occur. Then, the intensity from the 
pole to this latitude would be constant, as all particles 
would reach the earth. However, it is much more natural 
to assume (and it is also confirmed by the high altitude 

Clay, Physica, 1 , 363 and 831 (1934); Compton, Proc. London Phil. Soc., 
47, 747 (1935). 
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experiments which will be described later in this chapter) 
that the 50° limit is determined by the absorption of the 
atmosphere itself— that is, the atmosphere lets through only 
particles of such energy as are able to reach the surface of 
the earth at this geomagnetic latitude. Assuming, for a 
moment, the primary particles to be electrons or positrons, 
we find that the minimum energy sufficient to reach the 
earth at 50° in all directions is 3-10® EV, and that this, 
therefore, represents the minimum energy loss of the par- 
ticles in traversing the atmosphere. 

This value agrees approximately with the energy loss due 
only to ionization, as determined by Bethe’s formula 
(Chapter III, section 7) — that is, with radiative losses dis- 
regarded. The average loss due to radiative impacts with 
nuclei is certainly not negligible, as both theory and 
Anderson’s and Neddermeyer’s experiments with the cloud 
chamber (Chapter III, section 8) show; but we have seen 
that the radiative energy loss shows a large straggling effect, 
and hence the minimum energy loss may be well below the 
average loss and perhaps small compared with the ionization 
loss. However, many particles certainly have energies 
considerably higher than this limit. At the equator a 
large number of particles still reach the earth ; this effect, on 
the hypothesis that they are electrons, indicates an energy 
of the order of 2-10'“ EV. The energy would not be much 
different on the assumption that these particles were pro- 
tons, because, when the kinetic energy is higher than the 
a§lf-energy of the proton, protons and electrons behave 
similarly with regard to both magnetic deflection and 
specific ionization. The 50° limit of the latitude effect could 
actually be attributed to a proton component ; this conclu- 
sion would be in closer agreement with the results obtained 
from the altitude curves (see later) . 

The presence of particles of very high energy is also indi- 
cated by the residual ionization at great depths under water. 
If we assume an energy loss of 3 • 10® EV per gr./cm^, which 
is certainly a lower limit, a particle able to penetrate 500 
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meters of water (as observed by Kolhoerster must have 
an energy of at least 1.5-10^^ EV. 

The measurement of the ionization, or rather of the 
number of particles, at different altitudes has provided 
very important results. At a geomagnetic latitude of 45° 
the curve of the number of particles in a vertical direction 
shows a regular increase up to an altitude corresponding to 
a residual thickness of air of 0.5 kg./cm^, then flattens out, 
then increases again sharply, reaches a maximum at 0.2 
kg./cm^, and finally appears to decrease. The curve, how- 
ever, varies when taken at different latitudes, especially 
near the geomagnetic equator. Thus, for example, at 20° 
Clay has found a maximum at 0.6 kg./cm-, whereas at 
higher altitudes the ionization decreases, at 0.2 kg./cm- 
being only of the corresponding value at 45° latitude. 
In other words, the equatorial dip is much deeper and 
wider if measured at high altitudes than it is at sea level. 
At the highest altitudes investigated, the intensity at the 
equator appears to be only Mo of the intensity at the poles. 
This indicates, beyond question, the existence of primary 
charged particles less penetrating than those able to traverse 
the whole atmosphere. It is important to emphasize that 
all effects of the earth’s magnetic field are due to an action 
on the primary radiations, since the magnetic deflection of 
the particles takes place in a region of the order of the radius 
of the earth and is negligible within the atmosphere. 

An altitude curve, measured by Regener, is reproduced in 
Figure 47 (page 286). 

We may interpret the fiat portions of the altitude curve 
with considerations similar to those employed to explain 
the constant ionization at sea level for latitudes higher than 
50°. Let us consider charged particles of a certain species 
(for example, electrons), and let us assume again that par- 

Kolhoerster, Phys. Z., 34, S09 (1933); Regener, ibid., 34, 306 (1933). 

Regener and Pfotzer, Phys. Z., 35, 779 (1934) ; Regener and Auer, ibid., 
35, 784 (1934); Pfotzer, ibid., 35, 794 (1934) and 36, 794 (1935). 

Clay, Proo. Roy. Soc., 151, 202 (1935); Blackett, Phys. Z., 36, 773 (1935). 
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j tides with a continuous energy distribution occur. At a 
I certain latitude a minimum energy is required for the par- 
^ tide to reach the earth. To this minimum energy there 
corresponds a minimum range such that particles reaching 
the earth at a certain geomagnetic latitude cannot have a 
range shorter than a certain characteristic value. Then 
the intensity of this radiation will increase with altitude 
until the residual thickness of the atmosphere corresponds to 
the minimum range, and afterwards it will remain constant. 



Figure 47. Vertical Intensity as a Function of Altitude at 45° Geomagnetic Latitude. 


If we consider a different kind of particle, the relation be- 
tween magnetic deflection and range will generally be differ- 
ent, and therefore each kind of particle will have a character- 
istic absorption thickness at which the altitude curve at a 
given latitude becomes flat. Thus the deflection of the 
earth’s magnetic field combined with the absorption of the 
atmosphere or of further thicknesses of water provides a 
natural and convenient method of analysis of the primary 
charged particles. 

The analysis is still incomplete because of lack of suffi- 
ciently extensive and reliable measurements of the number 
of particles at different latitudes and altitudes. According 
to a tentative hypothesis advanced by Compton, the fiat 
region of the altitude curve at 0.4 kg./cm^ corresponds to 
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the ininiinum range of electrons and positrons, whereas 
the maximum at higher altitudes is probably to be inter- 
preted as due to the building up of a secondary radiation in 
equilibrium with the primary corpuscles. The minimum 
range for protons is expected to correspond to more than 
the whole thickness of the atmosphere, and therefore must 
be determined by absorption measurements under water. 
Protons might well be responsible, however, for the 60° 
limit in the equatorial dip at sea level. 

This interpretation is open to question because of the in- 
sufficient knowledge of the range-energy curve for very high 
energy particles. The ionization energy loss is probably 
given correctly by the theoretical formula (Chapter III, 
section 7), but, as we have seen, we cannot rely on theoret- 
ical results for radiative losses. It seems rather probable 
that the energy loss of electrons due to radiative impacts 
with nuclei reaches a maximum for energies of the order of a 
few hundred MEV and then decreases. 

This conclusion agrees also with the energy loss deduced 
from a direct measurement of the ionization produced by 
the cosmic ray particles at sea level. By comparing the 
ionization produced by cosmic rays at sea level (2 ion pairs 
per sec. and per cm®) with the number of particles falling on 
a unit area per unit time (1.5 particles per min. and per cm^) 
we find a specific ionization in standard air of about 100 
ions per cm. path. This gives a total energy loss in the 
atmosphere of 3-10® EV — a result in agreement with the 
value of the energy loss deduced from the latitude effect.' 
Thus it seems reasonable to assume that most of the energy 
loss of at least one of the corpuscular components (proton 
component?) in the atmosphere is due to ionization. 

The evidence from magnetic deflection and range already 
described appears to indicate that most of the primary 
cosmic ray particles at sea level are electrons, positrons, and 
protons. The proton component might account for the 
most penetrating rays with a mass absorption coefficient of 
the order of 8 • 10“^ cm® gr“S observed at great depths under 
water. In order to be able further to discuss this point. 
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we must now consider the experiments on the angular 
distribution of cosmic ray particles and the consequent 
discovery of the east-west effect. 

By means of two or more coincidence counters placed in a 
straight line, it is possible to investigate the angular distri- 
bution of cosmic rays. With absorbing screens interposed 
between the counters, it is possible also to observe the 
angular distribution of particles having a range higher than 
a specified limit. A curve of the intensity of the cosmic 
radiation as a function of the zenithal angle, taken at sea 
level, shows a very pronounced maximum in a vertical 
direction. The shape of the curve can be approximately 
accounted for if the rays are assumed to come uniformly 
from all directions and to be filtered in their passage 
through the atmosphere according to the absorption curve 
as measured under water. 

However, under favorable circumstances, the earth’s 
magnetic field must produce a dissymmetry of the zenithal 
distribution if it is taken in the east-west direction. We 
shall call this an azimuthal effect, as it means a variation in 
the intensity with varying azimuth under a constant zenithal 
angle. The east-west effect arises in the following way. 

We have already said that for particles of a given kind 
and given energy, as we progress from the magnetic pole to 
lower latitudes, a latitude is reached at which the particles 
cannot come from all directions but come only from a 
limited portion of the sky. The shadow cone appears in the 
east or the west according to whether the particles are nega- 
tively or positively charged. If we have ah inhomogeneous 
distribution of particles, we may expect to find an azimuthal 
dissymmetry in the east-west direction, since there will be 
some particles which are still able to arrive under the given 
angle from the west but not from the east, or vice versa. 

Because this effect is exceedingly small at sea level and 
high latitudes, it was sought in vain for several years, but 
finally in 1934 was observed, almost simultaneously, by a 
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number of investigators (Compton and Alvarez, Johnson 
and Vallarta,^®® Rossi, Auger and Leprince-Ringuet 
by experiments at high altitudes and low geomagnetic lati- 
tudes. All experiments showed a higher intensity for the 
radiation coming from the west — a result indicating that 
positively charged particles were predominant. The main 
problem at the present time is to determine whether these 
positive particles are positrons or protons. The solution of 
the problem has not yet been ascertained. The magnitude 
of the east-west effect seems to increase at first, and then 
to decrease when the radiation is filtered through layers of 
lead interposed between the coincidence counters, but the 
interpretation of this result is also still open to discussion. 

An assumption in agreement with our former considera- 
tions supposes a soft component to consist of positrons and 
electrons in equal numbers, and a more penetrating com- 
ponent (responsible for the east-west effect) to consist 
only of protons. This is difficult to reconcile with Ander- 
son’s observation that cloud ‘chamber tracks indicate 
approximately equal numbers of positively and- negatively 
charged particles up to the highest measured energies of 
4-10^ EV. However, Leprince-Ringuet finds that posi- 
tives predominate for energies of the order of 10^“ EV. In- 
general, the hypothesis of a proton component of consider-} 
able intensity seems to be contradicted by the absence oft 
tracks with a high specific ionization in cloud chamber ex- i 
periments, as should be expected for protons observed near 
the end of their range. 

The existence of ionizing particles with a range higher 
than one meter of lead has been shown directly by Rossi 
with coincidence experiments. Some doubts have been 

182 Alvarez and Compton, Phys. Rev., 43, 835 (1933). 

188 Johnson, Phys. Rev., 45, 569 (1934). 

184 Rossi, Phys. Rev., 45, 212 (1934). 

185 Auger and Leprince-Ringuet, Intern. Conf. on Phys., London (1934). 

188 Anderson and Neddernieyer, Intern. Conf. on Phys., London (1934). 

187 Leprince-Ringuet, Journ. de Phys., 7, 67 (1936). 

188 Rossi, Intern. Conf. on Phys., London (1934); Auger, Leprince-Ringuet, 
and Ehrenfest, Journ. de Phys., 7, 58 (1936). 
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raised about the conclusion that coincidences under these 
conditions were due to a single particle and not to secondary 
effects, but this objection has been disproved by further 
experiments, by Rossi and his associates, where coincidences 
were observed between three counters and it was found 
that the triple coincidences were greatly reduced when the 
middle counter was slightly displaced from the straight line 
formed by the other two. The same result was shown by 
experiments of Auger and Ehrenfest and of Street, 
Woodward, and Stevenson,^®" who released the expansion 
of a cloud chamber by means of coincidence counters with a 
thick layer of lead interposed, and in every case observed the 
track of a single particle in line with the two counters. The 
absorption of these ionizing corpuscles in lead, measured by 
Rossi, indicates the same mass absorption coefficient as 
that for a component of the cosmic radiation observed by 
experiments under water — that is, of the order of 5 ■ 10“'* 
em^ gr“h Therefore it appears reasonable to interpret 
these ionizing particles as primaries, in agreement with 
observations on the latitude effect. 

3. Secondary effects of cosmic rays. An absorption 
curve in lead of the particles responsible for the double 
coincidences between counters shows, besides the penetrat- 
ing group described in the preceding section, a much softer 
radiation, which is, in part, of secondary origin and 
whose mass absorption coefficient in lead is of the order of 
0.05 em^/gr“^. In fact, if these particles were primaries, 
from their intensity at sea level and their absorption coeffi- 
cient, we should expect an exceedingly rapid increase with 
altitude — an effect which is not observed. The number of 
these soft particles relative to the number of penetrating 
particles actually increases with altitude, but much more 
slowly than might be expected on the assumption that they 

Auger and Ehrenfest, Journ. de Phys., 6, 255 (1935); Leprince-Ringuet, 
2m, 7, 67 (1936). 

Street, Woodward, and Stevenson, Phys. Rev., 47, 891 (1935). 

Rossi, Intern. Conf. on Phys., London (1934). 
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are primaries. These particles must therefore originate in 
the atmosphere through an effect of the primary penetrat- 
ing charged particles. 

Much information on the production of secondary radia- 
tions is obtained from the investigation of showers. The 
simultaneous emission of many ionizing particles as second- 
ary products of the cosmic rays in matter was shown first 
by the following experiment of Rossi.^®^ 

Three counters are arranged as shown in Figure 48, and 
the triple coincidences counted, their number being very 

\ 

i 

\ 

\ 



Figure 48. Arrangement for the Investigation of Shower Production. 

small. If increasing thicknesses of lead are now placed 
above the counters, we observe a very rapid increase in the 
triple coincidences, until, for about a one-centimeter thick- 
ness of lead, a maximum is reached. Beyond this point the 
curve decreases, at first sharply and then very slowly. A 
second but not very prominent maximum appears for a 
thickness of lead of about 18 centimeters. 


‘S’! Rossi, Z. Phys., 68, 64 (1931). 
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The shape of the curve in Figure 49, which we shall refer 
to as Rossi’s curve, indicates the production of a corpuscular 



Centimeters of lead 

Figure 49. Number of Triple Coincidences as a Function of lead Thickness in the 
Arrangement of Figure 48, 

radiation (shower particles) by a radiation of which at least 
one component itself is strongly absorbed in lead. Both 
these radiations, the shower particles and the shower- 
producing radiation (which we shall indicate by SPR) are 
probably (at least partly) of secondary origin. This con- 
clusion is derived from the following considerations. 

If the showers were produced directly by the cosmic ray 
primary particles, their number ought to have increased up 
to a thichness corresponding to the range of the shower 
particles, and then decreased very slowly — that is, with the 
absorption coefficient of the primary radiation. The ex- 
perimental curve shows, instead, a rapid decrease after the 
maximum; this effect can be explained by assuming the 
existence of an intermediate radiation (SPR) produced by 
the primary corpuscles. The radiation will be in equilib- 
rium with the primary radiation in the atmosphere. When 
a layer of lead is placed above the counters, the SPR will 
be absorbed in it and will produce showers which give the 



Cosmic Eays 


293 


triple coincidences. In order to explain the decrease after 
the maximum, we assume that the intensity of the SPR in 
equilibrium with the primary corpuscles is higher in air than 
in lead, and that a transition effect thus occurs until the in- 
tensity of the SPR reaches the new value characteristic of 
lead. Beyond this point it decreases very slowly with the 
absorption coefficient of the primary corpuscles. 

The increase in the Rossi curve for thin layers of material 
corresponds to an absorption coefficient of 1.2 cm“^ in 
lead, whereas the decrease after the maximum corresponds 
to an absorption coefficient of 0.5 cm~h The Rossi curve 
can still be interpreted in two different ways, according to 
equation (III, 34) ; we may attribute the smaller absorption 
coefficient to the SPR and the higher absorption coefficient 
to the shower particles, or vice versa, as the shape of the 
curve would be the same in both cases. 

We shall now consider additional experimental evidence 
which may enable us to decide between these two possibil- 
ities. Rossi and his associates, Geiger, Fiinfer, Sawyer, and 
others have investigated the production and the absorp- 
tion of showers in various thicknesses of elements of differ- 
ent atomic number. The result is that the absorption of the 
SPR, which seems to be due essentially to shower produc- 
tion, shows, not a constant mass absorption coefficient, but 
rather an absorption coefficient proportional to the square 
of the atomic number. 

Further conclusions can be derived from experiments 
with the cloud chamber (Blackett and Occhialini,^®^ Ander- 
son,^®= and others These experiments indicate that 

showers consist of a large number of electrons and positrons, 
whereas the SPR appears, at least in most cases, to be a 
non-ionizing radiation. This is illustrated, for example, by 

See Geiger, Ergebnisse der Exakten ISTaturwissenschaften, XIV (1935). 

Blackett and OccMalini, Proc. Roy. Soc., 139, 699 (1933) . 

Anderson, Millikan, Neddermeyer, and Pickering, Phys. Rev., 45, 352 
(1934). 

1950 Street and Stevenson, Phys. Rev., 49, 425 (1936); Ehrenfest and Auger, 
Journ. de Phys., 7, 65 (1936). 
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photographs (taken with a sheet of lead across the cloud 
chamber) showing a shower emerging from the lead with no 
apparent track of a particle entering the lead. 

Whether or not the SPR is ionizing has been tested, also, 
by experiments where three counters were arranged in a 
triangle and the number of triple coincidences was measured 
with a sheet of lead above the three counters or between the 
upper counter and the two lower counters. The number of 
coincidences observed with the second arrangement was 
lower, but not so much lower as might be expected if the 
SPR were a non-ionizing radiation. 

However, it is demonstrated, both by cloud chamber 
photographs and by other counter experiments, that showers 
are accompanied by an abundant emission of photons and 
consequent secondary electrons in all possible directions, 
and hence that particles other than a primary corpuscle may 
be effective in discharging the upper counter. Therefore, 
although the evidence is not yet entirely conclusive, we shall 
assume that the SPR is not an ionizing radiation. 

Under this assumption, the simplest hypothesis is to in- 
terpret the SPR as a high energy 7 -radiation. This radia- 
tion, according to the theoretical considerations developed 
in Chapter III (section 14), should be absorbed in matter 
almost entirely through the process of pair production, and 
therefore should show an absorption coefficient propor- 
tional to the square of the atomic number, as actually ob- 
served for the SPR. The observed absorption coefficient 
1.2 cm~^ in lead may well correspond to a very high energy 
7 -radiation, whereas the absorption coefficient of 0.5 cm~^ 
would correspond only to a 7 -radiation of a few MEV, 
which could not produce the shower phenomena. Hence 
it is perhaps preferable to interpret the rapid increase of 
the Rossi curve as due to the absorption of a shower- 
producing 7 -radiation, and the slower decrease as corre- 
sponding to the absorption of the shower particles. These, 
according to the measurements of Anderson and Nedder- 
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meyer,”® have a maximum energy of the order of 100 MEV 
and a probable energy of the order of 15 MEA' — results in 
agreement with the observed penetration. 

Experiments made at various altitudes indicate that the 
intensity of the SPR increases more rapidly than the in- 
tensity of the general cosmic radiation. The increase cor- 
responds to a mass absorption coefficient of the order of 
0.01 cm^/gr. This result does not prove that the SPR is a 
primary radiation, since it can still be interpreted as a 
secondary radiation of the softer primary corpuscles (for 
example, of electron and positron components) ; whereas a 
more penetrating proton component would not produce 
showers, or would produce them only to a much smaller 
extent. But the strongest evidence against the primary 
nature of the SPR, on the hypothesis that this consists of 
photons, is that showers show a latitude effect, which 
indicates their origin from primary charged particles. 

From all of this evidence, the most plausible explanation 
is to assume that the primary radiation responsible for the 
effects at sea level consists only of charged particles. These, 
by radiative collisions with nuclei in the atmosphere, are 
brought into equilibrium with secondary high energy pho- 
tons, or SPR. These photons are absorbed in matter with 
an absorption coefficient proportional to and give rise to 
the showers. The soft corpuscles mentioned at the begin- 
ning of this section are probably particles from showers pro- 
duced in the air. 

According to Geiger and his associates,'®^ tw'o further 
steps in the dissipation of the energy of primary corpuscles 
can be traced. Again the shower particles produce photons, 
partly through radiative collisions and partly through pair 
annihilation, and these photons produce new secondary 
electrons. Many tracks of soft electrons associated with 
showers are actually observed, for example, in Anderson’s 

Anderson and Neddermeyer, Phys. Rev., 44, 406 (1933); Intern. Conf. 
on Phys., London (1934). 

Geiger, Ergebnisse der Exakten Naturw., XIV (1935). 



£96 


Cosmic Rays 


photographs. The absorption coefficient of the photons, 
emitted backwards, is, according to Geiger, 0.7 cm~i in 
aluminum and 3 cm“^ in lead. These results indicate a 
7 -radiation of 0.5 MEV, probably resulting from pair 
annihilation. 

The above relationship between the primary corpuscles, 
the SPR, and the shower particles explains also the transi- 
tion effects observed with ionization chambers and in- 
vestigated with particular care by Steinke and Schindler.'” 
If we measure an absorption curve of the cosmic rays in two 
different materials (for example, iron and lead), comparing 
equivalent thicknesses in gr./cm^ we find that the intensity 
is lower for the heavier element. If layers of lead are then 
added after a certain thickness of iron, we observe, at 
first, an increase in intensity, followed by a rapid decrease 
which brings the absorption curve, after a certain thickness 
of lead, to the value characteristic of the lead absorption. 
The natural explanation is to assume that this behavior of 
the absorption curve corresponds to the Rossi curve for 
shower production, the intensity of the SPR in equilibrium 
with the primary corpuscrxlar radiation being higher in iron 
than in lead, whereas the SPR itself is more strongly ab- 
sorbed in lead than in iron. 

We now wish to describe, in more detail, the shower phe- 
nomena observed with the cloud chamber. These have 
great variety and complexity, but are far from being com- 
pletely investigated. Showers, as we have said, appear to 
consist of an approximately equal number of electrons and 
positrons, the total number of particles being sometimes as 
high as 100, or even higher (see following discussion). All 
of the particles of a shower appear to be emitted within a 
rather narrow angle (mean divergence of a few degrees). 
This result indicates that a large momentum and, conse- 
quently, a large amount of energy are contributed by the 
radiation which produces the showers, and eliminates the 
otherwise possible assumption that most of the energy of a 
Steinke, Brgebnisse der Exakten Naturw., Xni ( 1934 ). 
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shower might be released in a sort of nuclear explosion pro- 
duced by an incident particle of relatively low energy. The 
energy involved in a shower, evaluated by adding the en- 
ergies of the shower particles, is of the order of 10^ to 10^“ 
EV; it is, thus, of the order of energy of the primary 
corpuscles. 

The cloud chamber photographs sometimes show the oc- 
currence of two or more shower centers in a single expansion. 
Even within a single shower it may appear that the par- 
ticles originate, not from one point, but rather from a nar- 
row region (in lead or some other shower-producing ma- 
terial). Therefore the question whether or not a shower is 
produced in a single elementary process— or rather in a 
succession of many elementary processes taking place within 
a short distance in the substance— is still open to discussion. 

In the first case we might, for example, think of a process 
in which a photon of extremely high energy materializes into 
a number of positron-electron pairs. Under the second 
assumption we might think of a photon materializing into 
a positron-electron pair, then each pair particle radiating a 
photon by nuclear collision, and each one of the photons thus 
produced materializing again into a pair, and so on, until 
particles are produced of such low energy that radiative 
collisions are no longer probable. However, the present 
theory does not account for a process of the first type , and 
as to the other explanation, it seems to be definitely contra- 
dicted by the low probability of radiative collisions by high 
energy particles, as experimentally observed. Perhaps the 
interpretation which appears at present the most satis- 
factory, is the one suggested by Bothe: the multiplicity 
of the shower particles is due to the SPR already occurring 
in beams of many associated quanta. These might be 
photons emitted in the stopping of a single corpuscle 
through successive radiative collisions. The theoij ot 
Bethe and Heitler actually indicates that the photons 
produced by a high velocity particle are emitte in t le 

Hilgert and Bothe, Z. Phys., 99, 353 (1936)- 
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forward direction within a narrow angle (of the order of 
mc^lEo) . 

The ionization bursts (first observed by Hoffmann, and 
later investigated by Steinke and Schindler, by Compton, 
and by others apj)ear to be related to the showers — that 
is, actually to consist of showers with a large number of 
particles. The frequency of the bursts, as well as the 
frequency of the showers, appears to increase with altitude • 
more rapidly than the intensity of the general cosmic 
radiation. The size of a burst, or the total number of ions 
produced, depends upon the size and pressure of the 
iomzation chamber. 

Bursts with 10® ion pairs or more have been recorded; 
this result, under experimental conditions and with each 
particle assumed to have the usual specific ionization, indi- 
cates a shower with several hundred or perhaps more than a 
thousand particles. The frequency of the bursts is con- 
siderably increased when a lead screen is placed above the 
chamber, and varies with the thickness in much the same 
manner as the frequency of ordinary showers. The total 
energy of a burst has been estimated to be, in some cases, 
higher than 10^^ EV. 

From the brief outline we have given of cosmic ray phe- 
nomena, it is evident how little is actually known at present 
with certainty in this field. Most of the effects observed at 
sea level seem to be due to primary charged corpuscles — 
probably electrons, positrons, and protons of energy dis- 
tributed over a wide range. However, the possibility that 
effects at high altitudes may be due to primary photons is 
not to be ignored. The dissipation of the enormous energy 
of the primary particles occurs through a complicated series 
of interactions with matter; of these the shower production 
is the most characteristic. We shall not even attempt to 
discuss the origin of cosmic rays, as no satisfactory explana- 
tion has been advanced up to the present time. 


2°*^ See Carmichael, Proc. Roy. Soc., 154, 223 (1936); also Geiger, Ic. 
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Plate I 



Figure 50. Record of Alpha Particles, 
Obtained with a Sensitive Electrometer 
(Ziegert). From Zeitschrift fiir Phvsik, 46, 
674 (1928). 



Figure 51. Record of Ionizing Particles, Obtained with a Linear Ampli- 
fier (Dunning). The size of the oscillograph deflection is a measure of the 
ionization. 



Figure 52. Cloud Chamber Photo- 
graph of the Production of a Positron- 
Electron Pair in Krypton (Immelman). 
The arrow indicates the direction of tlu* 
7 -ray beain (X 4.7 XU of Th C"). 
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Plate II 



Figure 53. Cloud Chamber Photograph of the Alpha Particles 
of Po. 
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Figure 54. Cloud Chamber Photograph of the Beta Particles 
of Ra E, Deflected by a Magnetic Field. 
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Plate III 
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Figure 55. Magnetic Spectrum of the Alpha 
Rays of Th C (Rosenblum). 



Figure 56. Beta-Ray Spectrum of 
Th (B + C + C' + C"): 800 < Hp 

< 1,100 (Ellis). 



Figure 57. Beta-Ray Spectrum 
oflTh (B + C +C' -hC'O: UlOO 
< Hp < 1,400 (Ellis). 



Figure 58. Beta-Ray Spectrum 
of Th (B + C]+ C' + C")*- 1,500 
< Hp < 2,0003(Ellis) 



Figure 59. Beta-Ray Spectrum of 
Th C", Showing Line with Hp = 10,000 by 
Conversion of a Gamma Ray of 4.7 XU 
(Ellis). 
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Figure 61. Mass Spectrum of Cadmium (Dempster). 
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Figure 62 . Mass Spectrum of Palladium (Dempster). 



Figure 63. Mass Spectrum of Barium (Dempster). 



Figure 64. Mass Spectrum Showing Separa- 
tion, Due to Different Packing Fractions, of 
Three Ions Having Approximately the Same 
Value of e/m (Bainbridge and Jordan), 


Figure 65. Mass 
Spectrum Showing 
Separation of Deu- 
terium and Molecu- 
lar Hydrogen Ions 
(Bainbridge and Jor- 
dan!. 
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Figure 66. Disintegration of Nitrogen by Impact of an Alpha 
Particle (Blackett). 



Figure 67. Disintegration of Nitrogen by a Neutron 
(Rasetti). Arrow iiulioutos disiutogration track. 




Plate \I 




Figure 68.* A Large Number of Relatively Low Energy Electron Tracks 
Originating from Different Points. The photograph shows the production of a 
photon spray by cosmic rays. 17,000 gauss field. 

*Note. Figures 68~73 show photographs of cosmic ray particles obtained 
by Anderson with a counter-controlled cloud chamber. A lead plate was placed 
across the chamber to investigate the production of showers and other phenomena. 
A strong magnetic field was used to measure the energy of the particles. 


Figure 69. A Particle of Extremely High Energy, in Traversing the Lead Plate, 
Produced a Pair. 4,500 g:iuss field. 
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Figure 70. Two Associated Showers, One Originating from Above the Chamber 
and the Other in the Lead Plate. The latter apparently was released by a non- 
ionizing (photon) radiation. 17,000 gauss field. 



Figure 71. A Shower Produced in the Lead Plate. This shower ai'parenTly \v:is 
j-eleascd In’ a non-ionizing radiation. 17,000 ixauss tiidil. 
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Figure 72. A Complex Shower with More Than One Hundred Tracks. This 
shower was observed on the summit of Pikers Peak. 7,900 gauss field. 



'igure 73. Five Light Particles (Electrons and Positrons) and One Heavy Particle 
(Proton?) Were Ejected from a Center in the Lead Plate. 7,900 gauss iirlO. 
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